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ESTIMATION OF THE PARTICLE AND GAS SCAVENGING 
CONTRIBUTIONS TO WET DEPOSITION OF ORGANIC AND INORGANIC 
NITROGEN 
 
Silvia Margarita Calderón 
ABSTRACT 
 Atmospheric deposition of nitrogen species represents an additional nutrient 
source to natural environments, and can alter the nitrogen cycle by increasing nutrient 
levels beyond the requirements of organisms. In Tampa Bay, atmospheric deposition of 
dissolved inorganic nitrogen species (DIN) has been found to be the second largest 
nitrogen source, but little is known about dissolved organic nitrogen species (DON). 
The research goal was to improve the dry and wet deposition estimates by inclusion of 
the DON contribution. 
 In the atmospheric chemistry field a standard method to measure DON in 
atmospheric samples has not been agreed upon. This research proposes the use of the 
ultraviolet (UV)-photolysis method and presents the optimal settings for its application 
on atmospheric samples. Using a factorial design scheme, experiments on surrogate 
nitrogen compounds, typically found in the atmosphere, indicated that DON can be 
xviii 
measured with no biases if optimal settings are fixed to be solution pH 2 with a 24-hr 
irradiance period.  
DIN species (NH4+, NO2-, NO3-) and DON concentrations were determined in 
fine (PM2.5) and coarse particles (PM10-2.5) as well as in rainwater samples collected at 
Tampa Bay. The estimates of wet deposition fluxes for NH4+, NO3- and DON were 
1.40, 3.18 and 0.34 kg-N ha-1yr-1, respectively. Hourly-measured gas concentrations and 
24-hr integrated PM10 concentrations were used in conjunction with a below-cloud 
scavenging model to explain DIN and DON concentration in rainwater samples. 
Scavenging of aerosol-phase DON contributed only 0.9 ± 0.2% to rainwater DON 
concentrations, and therefore gas scavenging should be responsible for 99%. These 
results confirmed the existence of negative biases in the dry and wet deposition fluxes 
over Tampa Bay.  
There is increasing interest in simulating wet deposition fluxes, and the 
proposed below-cloud scavenging model offers a new computational approach to the 
problem. It integrates the typical gas and particle collection functions and the concept of 
the deposition-weighted average concentrations. The model uses mass balance to 
describe the time-dependent cumulative contribution of all droplets in the rain spectrum 
to the rainwater concentration, giving predictions closer to experimental values and 
better estimations than those reported in the literature for similar cases. 
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1. INTRODUCTION 
Air Quality and Eutrophication in Tampa Bay 
The effect of air pollution goes beyond the reduction in the air quality and 
extends to the reduction in the water and soil qualities. After deposition, gases, particles 
and rain droplets constitute external sources of chemicals to the ecosystems and in 
many cases alter their ability to sustain life. As an example, atmospheric deposition of 
nitrogen species represents an additional nutrient source to natural environments, and 
can unbalance the nitrogen cycle by increasing nutrient levels beyond the requirements. 
This is referred as nitrogen saturation, a situation in which the supply of nitrogen 
compounds from total nitrogen input exceeds the demand by plants and micro-
organisms (Stoddard, 1994). Nitrogen saturation has negative consequences such as 
eutrophication, a phenomenon associated with high phytoplankton concentrations, 
decrease in sea grass coverage, reduction in light penetration; decrease of oxygen levels, 
poor water quality and fish kills (Paerl, 1988).  
In the late 1970s, eutrophication affected coastal areas of the USA, especially 
Tampa Bay, and elevated phytoplankton concentrations caused a decrease in the light 
penetration with reduction in the water quality and a decline in sea grass meadows. 
Although the Tampa Bay area is enriched in another nutrient, phosphorus (phosphorus 
2 
mining in the area offers 20 % of the world production), water quality models have 
predicted a strong response of phytoplankton concentrations in Tampa Bay to changing 
nitrogen inputs and have positively correlated phytoplankton concentrations to total 
nitrogen levels in water (Wang et al., 1999). As an evidence of the negative 
eutrophication effects, high nitrogen levels were linked to a 46 % loss of the sea grass 
coverage between 1950 and 1982 (Tomasko et al., 2005). 
 
 
 Pinellas Co. 
Manatee Co. 
Hillsborough Co. 
Gandy Bridge 
AIRMoN Site. 
  1   NOX  TECO Big Bend Power Plant 
  2   NOX  TECO Gannon Power Plant 
  3   NOX, NH3  Florida Power Manatee Power Plant 
  4   NOX, NH3  Florida Power Weedon Is. Power Plant 
  5   NOX   Pinellas Co.  110th Ave. Power Plant 
  6   NH3   CF Industries, Inc., Plant City Phosphate 
  7   NH3   Nitram, Inc. (now defunct) 
  8   NH3   Cargill Fertilizer, Inc. 
1 
2
3 
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Figure 1-1. Map of the Tampa Bay Area and the Gandy Bridge AIRMoN Site, 
Identifying the Locations of the Largest Local NOX and NH3 Emissions Sources 
(Strayer, H. 2005). 
 
Although in 1991 runoff water was considered as the main N source and 
atmospheric deposition was assumed negligible, for 1992-1994 it was estimated that 
3 
29% of the total nitrogen loading was caused by atmospheric deposition of dissolved 
inorganic nitrogen species (DIN), mostly deposited as ammonia/ammonium from 
fertilizer industries and agricultural emissions or as nitric acid/nitrate after 
transformation of NOx from power plants around the area (Figure 1-1) and vehicle 
emissions (TBNEP, 1996). Additional nitrogen sources are presented in Figure 1-2. For 
1996-1999 this number slightly decreased to 22 %, being equivalent to 760 metric tons-
N yr-1, 58 % of this value as ammonia/ammonium and 42 % as nitric acid/nitrate with a 
larger flux coming from wet deposition vs. dry deposition (56 % of the total-N flux) 
(Poor et al., 2001). 
 
Average Annual Loadings of Nitrogen
to Tampa Bay, FL(1992-1994)
29%
13%
7% 5% 46%
Stormwater Runoff Atmospheric Deposition 
Industrial & Municipal Point Sources Fertilizer Material Losses
Springs & Groundwater
 
Figure 1-2. Contribution of Nitrogen Sources to the Total Annual Loading to Tampa 
Bay (1992-1994 average)  (TBNEP, 1996).  
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 Once the link between high nitrogen levels and the changes in the ecological 
equilibrium of the bay was confirmed, corrective actions have focused on the reduction 
of anthropogenic nitrogen loadings through the improvement in the treatment of 
wastewater effluents and re-powering power plants from coal to natural gas. In recent 
years, overall water quality on the bay has increased and the sea grass coverage is 20 % 
higher than in 1982 but still 65 % of the 1950 coverage (Tomasko et al., 2005). 
 However, all loadings estimates, inventories and corrective actions did not 
consider possible sources of organic nitrogen species or dissolved organic nitrogen 
(DON). Although DON species such as amino acids, aliphatic amines and urea have 
been identified in atmospheric samples, the DON fraction represents a poorly 
understood element of the nitrogen atmospheric deposition. Therefore it is an important 
piece for the complete estimation of deposition fluxes over natural environments; 
especially those affected by or susceptible to be affected by nitrogen saturation 
phenomena, as the Tampa Bay Estuary. In such coastal waters, DON species act as a 
new source of nutrients. After photolysis by the solar radiation, DON generates bio-
available nitrogen mainly in the form of NH4+ and contributes potentially to the 
productivity of coastal waters (Vahatalo and Zepp, 2005; Wang et al., 2000b; Tarr et 
al., 2001; Tarr et al., 1999).  
The importance of the constant monitoring and regulation of all anthropogenic 
nitrogen loadings to the bay becomes evident when it is realized that it is Florida’s 
largest open-water estuary. Tampa Bay Estuary stretches 398 square miles at high tide, 
and as a natural system plays an important role in the life and survival of many plants 
5 
and animal species.  Due to the mixing of fresh water from the rivers and sea-water, 
Tampa Bay Estuary serves as an adequate zone for the early stages of development of 
many aquatic species, such as fish, shellfish, and crustaceans. It has been estimated that 
70 % of the commercially important species of fish depends on estuaries for their 
development. In addition, the water quality of Tampa Bay influences the quality of life 
of more than 2 million people living around its coastal areas (TBNEP, 1996).   
Goals and Structure of the Dissertation 
In the last section it was established that nitrogen levels in Tampa Bay guide not 
only its recovery from eutrophication but also influence the successful development of 
the flora, fauna and human population living in/around the area. It was also well 
established that the correct estimation of the atmospheric deposition contribution to the 
bay nitrogen loadings would contribute to better regulation and monitoring plans. Due 
to the lack of knowledge about DON species and their significance in the nitrogen cycle 
of Tampa Bay, the main goals of the research were to:  
I. Estimate the DON and DIN concentration in atmospheric aerosols and rainwater 
samples collected in Tampa Bay. 
II. Identify the phase (gas or particle) with the biggest contribution to the DIN and DON 
concentrations in rainwater.  
III. Improve the nitrogen deposition estimates to Tampa Bay by inclusion of the organic 
nitrogen contribution to wet deposition fluxes.  
IV. Identify possible DON sources missing from current inventories and meteorological 
effects leading to seasonal patterns in DON and DIN concentrations. 
6 
All these goals were successfully reached and the results were comprised in this 
document in eight chapters. The main findings about DON in atmospheric samples 
reported in the literature were presented as a review in the second chapter. In this 
chapter the fundamental basis that motivated this research are established. 
Because there is not a standard method to measure DON in atmospheric 
samples, the research started with the selection of a method and its assessment. The 
UV-photolysis was selected from among the available options, mainly for its 
advantages of minimal sampling handling and low cost in the equipment. The method 
was tested to identify possible biases in the DON measurements due to inadequate 
operational parameters. The optimal method settings were found through a 22 factorial 
design in terms of the effect of the sample pH and the irradiance period on the 
photochemical conversion of selected organic nitrogen species to their inorganic forms.  
Once the optimal settings of the UV-photolysis were found, the method was 
applied to determine DON concentrations in atmospheric aerosols collected at the 
Tampa Bay. A sampling campaign was conducted at the Gandy Bridge monitoring site 
(Figure 1-1) to collect samples of particulate matter (PM) under 10 µm of aerodynamic 
diameter or PM10. Samples were collected in two fractions, fine particles (PM under 2.5 
µm of aerodynamic diameter or PM2.5) and coarse particles (PM under 10 µm and over 
2.5 µm of aerodynamic diameter or PM10-2.5). Details about the method optimization, 
sampling, sample preparation, analysis and concentrations were presented in the third 
chapter.  
7 
Results of the first sampling campaign provided motivation to examine the 
possible existence of DON species in rainwater. PM10 and rainwater samples were 
collected simultaneously to examine the natural connections between particle and rain 
droplets concentrations given by scavenging processes. PM10 concentrations were used 
in conjunction with a below-cloud scavenging model to estimate the DON and DIN 
rainwater concentrations. The below-cloud scavenging model used was described in 
detail in the fourth chapter. All the theoretical basis of the wash-out process in terms of 
the reversibility of the gas-absorption into the rain droplets were comprised in detail in 
this section of the document.  
To reach the second research goal, the simplest case of the below-scavenging 
model (constant particle and gas concentrations during rain events) was applied to 
estimate the contribution of DON and DIN particle scavenging to their observed 
rainwater concentrations. Because the presence of Dimethylamine (DMA) was detected 
in PM2.5 samples, its concentrations in the gas phase were estimated and used the 
scavenging model to quantify its contribution to DON rainwater concentrations. All 
results were reported in the fifth chapter. 
 In a similar way, the below-cloud scavenging model was used to predict the DIN 
wet deposition flux using the DIN particle concentrations and DIN gaseous species 
measured at the monitoring site.  The ammonia/ammonium and nitric acid/nitrate 
contributions to the DIN wet deposition flux were estimated for the two extreme 
scavenging cases, constant gas and particle concentrations and time-exponential decay 
of the concentrations during rain events. The goal of this approach was to bracket the 
8 
results between the maximal and minimal removal rates. This allowed quantification of 
the effect of emissions and gas-to-particle conversions during rain events, processes not 
directly accounted for in the model. A description of this section of the research was 
compiled in the sixth chapter. 
The information collected during the two sampling campaigns was used to 
satisfy the requirements of the fourth research goal. Both sampling periods were done 
under different meteorological conditions; and this allowed studying possible seasonal 
effects over the DON and DIN concentrations in atmospheric aerosols as well as 
evaluating possible particle formation processes leading to the observed DON and DIN 
particle levels. Simple statistical analyses were carried out to identify significant effects 
of meteorological conditions on DIN and DON concentrations. Multi-linear regression 
analyses between DIN and DON concentrations and the average meteorological 
conditions were used to look for evidence about possible particle formation processes. 
These results were comprised into the seventh chapter.  
Conclusions and recommendations for future research were included in the eight 
and final chapter.   
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Research Contributions  
I. In the atmospheric chemistry community a standard method to measure DON in 
atmospheric samples has not been agreed upon. The UV- photolysis method was 
selected to overcome this issue and its optimal settings were determined to avoid 
biases in the measurement of DON concentrations in atmospheric samples. The 
results showed that the UV-photolysis can be adopted to analyze atmospheric samples 
with DON concentrations under 33 µM-N using an irradiation period of 24-hr and 
adjusting to 2 the solution pH. It was also found that underestimations in DON 
concentrations can occur if the UV-photolysis method is applied at less than optimal 
irradiation periods and solution pH, but DON could be overestimated by 15 % if the 
DIN/DON ratio is higher than 4.  
II. The use of the factorial design technique helped to reduce the number of experiments 
necessary to test the UV-Photolysis performance, with the selected surrogate organic 
nitrogen compounds. This approach is innovative in the atmospheric chemistry field 
where numerous experiments are required to test the performance of the analytical 
procedures over the complex matrices of atmospheric samples. 
III. UV-photolysis and ion chromatography analyses showed that DON species represent 
10 % of the total dissolved nitrogen present in aerosol and rainwater samples collected 
at Tampa Bay. This suggested that atmospheric nitrogen loading to surface waters are 
biased low because of unaccounted for DON contributions to wet and dry deposition 
fluxes. These findings also indicated the existence of missing sources in the 
inventories of nitrogen deposited on Tampa Bay. 
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IV. In the months of July-August 2005, concentrations in rainwater samples showed that 
the DON wet deposition flux is 0.34 kg-N ha-1 yr-1 and contributes 7% to the total 
nitrogen loading from wet deposition, which was equal to 4.91 kg-N ha-1 yr-1. DIN 
species showed to be the biggest contributors to this value, with 1.40 and 3.18 kg-N 
ha-1 yr-1 from the wet deposition fluxes of NH4+, NO3- respectively. This confirmed 
the existence of biases in previous estimations for Tampa Bay.  
V. DON in fine particles represented 75 ± 19 % of the total DON found in PM10 samples. 
This finding added to the existence of strong correlations between DON and DIN in 
fine particles and meteorological conditions suggested that gas-to-particle conversions 
are likely to be responsible for the TDN concentration seen in atmospheric aerosols 
collected at Tampa Bay.  
VI. Dimethylamine (DMA) showed to be present in PM2.5 samples at concentrations 
between below detection and 1911 pmol-N m-3, with an average value of 688 ± 615 
pmol-N m-3. DMA represented by itself an average contribution of 12.8 ± 6.7 % to the 
total DON concentration measured in the same particle fraction.  
VII. Particle scavenging of DON in PM10 is responsible just for 0.9 % ± 0.2% of the DON 
concentrations in rainwater. Gas scavenging of DON is assumed to be responsible for 
99% of the DON wet deposition flux. Gas-phase organic nitrogen, likely contributes 
to the dry deposition of nitrogen to Tampa Bay. 
VIII. Using DMA concentrations in fine particles and estimated DMA gaseous 
concentrations it was determined that DMA is responsible for 0.4 ± 0.7 % of all DON 
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present in rainwater samples. DMA particle scavenging accounted for 11.7 ± 7.1 % of 
the contribution from DON-particle scavenging. 
IX. Below-cloud scavenging calculations confirmed that DIN concentrations in gas and 
particles can explain their concentrations in rainwater. The wet deposition of NH4+ is 
mainly caused by gas scavenging of ammonia, while the NO3- wet deposition flux is 
mainly consequence of particle scavenging.  
X. Results from scavenging calculations showed that the scavenging process is closely 
modeled to real conditions when it is assumed that gas and particle concentrations 
remain constant instead of decaying exponentially with time during rain scavenging. 
This could indicate that continuous ammonia emissions and nitrate from gas-to-
particle conversion help to counteract the decrease in their concentration during rain 
scavenging. 
XI. DON gaseous species could be responsible for a dry deposition nitrogen flux higher 
than the estimated values for Tampa Bay. These results highlight the need for a 
method to measure gas-phase organic nitrogen gases.  
XII. The below-cloud model proposed in this research offers a new computation approach 
for the simulation of wet deposition processes, a problem of increasing interest to the 
atmospheric chemistry community. By integration of the typical gas and particle 
collection models and the concept of deposition-weighted average concentrations, the 
model is able to predict rainwater sample concentrations closer to the experimental 
values than other models reported in the literature for the same cases.  
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XIII. The study of the contribution of DON species to atmospheric concentrations is of 
substantial value to many researchers around the world trying to quantify its role in 
ecosystems growth limitations, especially with the increasing anthropogenic 
emissions. Due to the possible existence of natural background concentrations after 
the DON production by living organisms, conclusions from this research can be 
extended to similar geographic areas and can be used to identify and estimate possible 
sources when other information is not available.  
XIV. This research offers information about the composition of the organic compound 
fraction in the atmospheric samples, a variable of increasing interest and not well 
understood by scientists. DON species in particulate matter and rain droplets, as any 
other organic compound, can force changes in the climate by influencing cloud 
condensation nuclei processes; and, if toxic, also can impact human health after 
inhalation into the respiratory tract.  
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2. ORGANIC NITROGEN IN ATMOSPHERIC SAMPLES 
DON species have shown to be present in atmospheric samples collected around 
the world and can contribute to the total nitrogen loadings by offering a new “fresh” 
nitrogen source, readily available to aquatic species. However since two decades ago, 
DON atmospheric deposition was rarely associated with the unbalance of the nitrogen 
cycle in ecosystems. Considerable efforts have been made to determine DON in 
atmospheric samples, due not only to the contribution of nitrogen species to the total 
nitrogen deposition process, but also due to its critical role of reactive nitrogen 
compounds in photochemistry (Gorzelska et al., 1992; Timperley et al., 1985). In 1993 
Milne and Zika presented a summary of 12 separate studies from four continents and 
covering a 14-year time span, in which the ratios of deposition rates of dissolved total 
organic nitrogen to total inorganic forms in precipitation varied from 13 to 800%. In a 
more recent review (Cornell et al., 2003), it was shown that the percentage of nitrogen 
organic over the total deposited nitrogen in world areas could vary from 11 to 56 % 
(Figure 2-1). 
Atmospheric organic nitrogen have been classified in bacterial, particulate, 
reduced organic N and oxidized organic N. Bacterial N, usually in particles larger than 
0.2 µm, comes from atmospheric bacteria. Particulate N comes from atmospheric dust 
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and organic debris in particles between 0.45 µm and 1 µm in the form of organic 
nitrates or amine N species. Reduced organic N, mainly as amine N in particles smaller 
than 0.45 µm, is present in oceanic aerosols or terrestrial emissions from agricultural 
sites. Oxidized organic N is mainly a product of chemical formation of nitric acid esters 
and diesters and hydroxyl nitric acid esters, peroxynitric acid esters and 
peroxycarboxylic nitric anhydrides (PAN) (Neff et al., 2002). The dissolved fraction of 
atmospheric organic nitrogen (DON) has been related with bacterial, particulate and 
reduced organic N forms. 
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Figure 2-1. Contribution of Organic Nitrogen to the Total Dissolved Nitrogen Deposited 
in Areas Around the World (Cornell et al., 2003). 
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DON has been found in the form of aliphatic amines, amino acids and urea in 
aerosol, rainwater, fog water and sea water samples around the world  ( Spitzy, 1990; 
Gorzelska et al., 1992; Cornell et al., 1998; Chirico et al., 1999; Gibb et al., 1999b; 
Sommerville and Preston, 2001; Mace et al., 2003a; Mace et al., 2003b; Mace et al., 
2003c). Besides its contribution to dry and wet deposition fluxes by itself, it can also 
offer a secondary source of NOx when is transformed by photochemical reactions under 
sunlight (Milne and Zika, 1993; Zhang and Anastasio, 2003a).   
DON comes most likely from direct injection from sources including oceanic, 
agricultural and biomass burning and dust emission, the latter carrying pollen and 
vegetation debris. Oceanic emissions are a consequence of aerosol generation after 
bubble bursting with seawater containing amino acids (Neff et al., 2002) and amines 
from degradation, excretion and metabolism by marine animals and bacteria (Yang et 
al., 1994).  Agricultural emissions are a consequence of fertilizer use and disposal, e.g. 
urea (Mace et al., 2003b), and aliphatic amines from animal husbandry operations 
(Schade and Crutzen, 1995). Biomass burning accounts for emission of a variety of 
amino acids (Mace et al., 2003a), e.g. humic acid-like compounds such as fulvic acids 
produced are photolyzed to release dissolved free-amino compounds after biomass 
burning (Matsumoto and Uematsu, 2005; Chan et al., 2005). L-glycine, L-serine, L-
glutamine, L-alanine, L-threonine, L-arginine, L-asparagine were reported as the most 
common amino acids found during biomass burning emissions (Chan et al., 2005).  
Between aliphatic amines the most commonly found are methylamine (MMA), 
dimethylamine (DMA) and trimethylamine (TMA), which are expected to have natural 
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background levels in the air because they are produced by a variety of living organisms 
and are very volatile (Gronberg et al., 1992). Phytoplankton and zooplankton, for 
example, produce MA and DMA during grazing, ingestion, digestion and excretion 
and/or by intracellular degradation of quaternary amine osmolytes. Seawater analyses of 
these amines showed concentration levels in the Arabian Sea from 0-66 nM with higher 
values for coastal waters, with MMA and DMA being the largest contributors (Gibb et 
al., 1999b). Estuarine waters from Flax Pond, NY, USA showed that DMA was the 
most abundant species with concentrations ranging from 25 nM to 180 nM and varying 
seasonally from lower values at winter to higher values at summer (Yang et al., 1994). 
Amines could be also linked to domestic wastewater discharges because they are 
present in human and animal urine (Mitchell and Zhang, 2001), e.g.  DMA is the most 
prevalent amine in human urine ( Teerlink et al., 1997; Mitchell and Zhang, 2001). Real 
time measurements using time-of-flight mass spectrometry have found strong amine 
signals when air is collected around busy freeways (Angelino et al., 2001), rural areas 
(Beddows et al., 2004) and large feedlots (Murphy et al. by Beddows et al., 2004). 
Industrial applications of DMA includes synthesis of agricultural insecticides, insect 
attractants, and fungicides; vulcanization accelerators for sulfur-cured rubber; softeners 
and lubricants; textile water-proofing agents; tanning and dehairing; cationic 
surfactants; pharmaceuticals; detergents and soaps. 
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3. INVESTIGATION OF THE UV PHOTOLYSIS METHOD FOR THE 
DETERMINATION OF DISSOLVED ORGANIC NITROGEN IN 
ENVIRONMENTAL SAMPLES 
Comparison of the UV- Photolysis With Other Methods to Determine DON 
The DON determination is based on those methods specifically designed to 
analyze seawater and some of them have been used since a century ago (Putter cited by 
Sharp et al., 2002). Methods have evolved in an attempt to improve the accuracy of the 
measurements. The differences between the methods are in the sample treatment and 
the final form in which nitrogen is detected and measured.  
Methods can be grouped in two classes: wet oxidation and high temperature 
oxidation or catalytic oxidation methods (Cornell and Jickells, 1999). Wet oxidation 
methods imply the degradation by oxidation of nitrogen organic compounds present in 
aqueous solution to the ionic nitrogen forms (NH4+, NO3- and/or NO2-) by chemical 
oxidants such as persulfate or peroxide, or by ultraviolet photolysis. High temperature 
oxidation or catalytic oxidation carries out a thermal combustion of the aqueous sample 
and the N-organic compounds are transformed to CO2 and NO which is detected by 
chemiluminiscence. Sharp et al., (2002) propose a different classification in UV 
oxidation (UV), persulfate oxidation methods (PO) and high temperature combustion 
(HTC). This classification agrees with the one proposed by (Bronk et al., 2000). 
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It is important to highlight that there are few comparison studies for seawater 
samples (Walsh, 1989; Chen and Wangersky, 1993; Bronk et al., 2000; Sharp et al., 
2002). Lately an increasing number of studies have appeared for atmospheric samples 
assuming that the same procedures defined for seawater samples can be extended to 
atmospheric samples : rainwater, fog water, and aerosols (Scudlark et al., 1998; Cornell 
and Jickells, 1999; Zhang and Anastasio, 2001; Zhang et al., 2002; Mace et al., 2003a; 
Mace et al., 2003b; Zhang and Anastasio, 2003a).  
None of the studies has examined whether the difference in the nature of organic 
matter found in both natural matrices can affect the final conversion to the oxidized 
forms and therefore the efficiency and accuracy of the methods. As an example of the 
influence of the variability and complexity of air organic matrix, rare DON losses that 
led to negative DON values (negative result of subtraction of TDN from DIN) were 
found for aerosol samples using PO and UV wet oxidation methods and never have 
been seen in seawater samples (Cornell and Jickells, 1999; Mace and Duce, 2002). No 
work has been done to adjust or adapt the marine procedures to the complexity, 
especially in solubility, of the organic matrix present in atmospheric samples.  
The advantages and disadvantages of each method are summarized here from 
the few inter-comparison studies done. The goal is to involve as much information as 
possible in the selection process of the method to measure DON. 
According to the literature, the oldest method, Kjeldahl digestion (1883) has not 
been included in any of the other groups. However, due to its recent use in the study of 
rainwater samples from the Tampa Bay area (Hendrix-Holmes, 2002), some literature-
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based comments about the efficiency of the method and the reasons for which it was 
avoided for DON determination are presented. The Kjeldahl method consists of three 
steps: digestion, distillation and titration. Digestion comprises the conversion to NH4+ of 
primary and secondary organic amine compounds by the action of the digestion 
reactant, usually concentrated sulfuric acid under high temperatures for a period of time. 
Post-digestion, the resulting “sludge” is diluted and its pH is raised above 9.5 by the 
addition of NaOH, followed immediately by distillation of the evolved ammonia gas. 
The distilled ammonia is absorbed in a boric acid solution. Titration for absorbed NH3 
is done with sulfuric acid solution in presence of a colored indicator (Tomar, 1999) 
alternately, the trapped ammonium can be quantified with ion chromatography. 
The biggest disadvantage of the method lies in the low final conversion achieved 
by the digestion process due to the incomplete oxidation of some nitrogen substances 
such as urea. Nitrogen present in forms other than amines or amides are not efficiently 
converted to NH4+, but may be released instead as nitrogen oxides or N2, which are not 
kept in solution (Cornell et al., 2003; Zhang and Anastasio, 2003a). Bronk et al., (2000) 
based on seawater analyses, affirm that the Kjeldahl method has high blanks and 
resulting low precision. Grasshoff (1983) (cited by Walsh, 1989) also affirms that the 
Kjeldahl digestions are tedious, time consuming and subject to contamination, 
exhibiting poor precision.   
As one of the most common wet oxidation methods, persulfate oxidation (PO) 
(Solorzano and Sharp, 1980) oxidizes organic matter to NO3- and NO2- ions by reaction 
with potassium persulfate in a strong alkaline solution, which is autoclaved for a period 
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of time. After that, hydrochloric acid is added to dissolve any precipitate and the 
solution is buffered at a pH equal to 8.5. In order to measure the NO3-  concentration, 
NO3-  is reduced to NO2- by passage of the sample through a column of copper-
activated cadmium, and NO2- is analyzed colorimetrically after NO2- reacts with a 
mixture of sulfanilamide and N-(1-naphthyl)-ethylenediamine (Parsons et al., 1984 
cited by Cornell and Jickells, 1999).  
Despite the fact that the PO method has shown the highest percentages of 
recovery of most N-organic compounds for standard samples in comparison studies of 
PO, UV and HTC methods (Bronk et al., 2000) and greater oxidation efficiency relative 
to UV oxidation of rainwater samples (Scudlark et al., 1998), its most inconvenient and 
undesirable disadvantage is the extensive sample handling. Fairly high blanks, 
difficulties in chromatographic ion measurements, chances for additional mistakes and 
variability due to the NO2- colorimetric analysis, and copper-cadmium NO3- reduction 
are additional disadvantages to the PO method. The PO method has a high 
contamination potential due to the large oxidizing reagent addition (2 ml to 15 ml 
sample), but requires simple lab skills to be applied, allows a number of processed 
samples limited only by the available heat source and also has the lowest 
instrumentation cost (Bronk et al., 2000).  The PO method was discarded for the 
proposed WSON analyses considering the evident relation between the extensive 
handling of the samples, the DON losses registered by Scudlark et al., (1998) and 
Cornell and Jickells, (1999) for atmospheric samples, less efficient oxidation of aerosol 
organic matter, and losses of oxidized nitrogen gases reported by the last cited author.     
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 Armstrong et al. (1966)  proposed the UV photolysis method as an improvement 
of the digestion processes used for the dissolved organic matter determination in 
seawater. The method implies the photolysis of the aqueous-phase organic nitrogen to a 
mixture of  NH4+, NO2- and NO3- ions by exposing the sample to UV irradiation from 
mercury lamps during certain periods of time (usually from 18-36 hours) under a 
controlled ambient temperature. The resulting inorganic nitrogen can be detected and 
measured using ion chromatography. Different arrays have been employed for the batch 
photolysis reactor, for example, a single lamp placed on the center of the reactor 
(Armstrong et al., 1966; Walsh, 1989), or multiple lamps attached to the inside reactor 
wall (Zhang et al., 2002). Some oxidation reagents such as persulfate and hydrogen 
peroxide have been added to the sample (Bronk et al., 2000) without a conclusive 
improvement of the oxidation efficiency but with higher blank values (Manny et al., 
1971 ; Scudlark et al., 1998; Walsh, 1989). 
UV photolysis offers low conversion for sulfur-containing amino acids (Cornell 
et al., 2003) and substances with N-N and N=N bonding, but a better conversion of 
substances with heterocyclic-N and HC=N bonding in relation with the PO method 
(Scudlark et al., 1998; Walsh, 1989).  
Bronk et al. (2000) considered that the high cost and effort of building the UV 
photolysis reactor were important disadvantages, too. Variable values for conversion 
were related with deficient UV lamp functioning, therefore, (Bronk and Ward, 2000)  
recommended monitoring of the UV lamp spectra to assure it agrees with the expected 
spectrum.    
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The High Temperature Combustion method transforms all organic compounds 
present in aqueous samples to CO2 and NO by combustion in a pyro-reactor furnace 
where ultra pure oxygen is used for combustion. Inside the reactor a chemiluminescent 
reaction occurs between ozone and nitric oxide (NO) yielding nitrogen dioxide (NO2) 
and oxygen. This reaction produces light at intensity proportional to the mass flow rate 
of NO. The released energy, is then proportional to the mass of chemically bound 
nitrogen in the sample(Walsh, 1989). The HTC method exhibits excellent linearity and 
good precision for total dissolved nitrogen determination in seawater, and according to 
an inter-comparison study (Walsh, 1989) showed a high and comparable recovery of 
standard compounds in relation to the UV photo-oxidation method. Advantages that 
must be highlighted are the minimal sample handling that eliminates almost completely 
any chance of contamination, and the non-existent interference of ionic substances in 
the final N measurement. Other advantages can be related to the small volume required 
to make the measurement and the large number of samples that can be processed. 
Disadvantages are a possible loss of accuracy due to the variation in the ozone flow 
rate, high cost of the equipment and high degree of lab skills needed to perform the 
method (Bronk et al., 2000). A single reference of the application of the HTC method 
for atmospheric samples was found, affirming that the highest results for rainwater 
DON were generated by the HTC method in a comparison study, implying that PO and 
UV methods underestimated DON quantities. (Cape et al., 2001 cited by Cornell et al., 
2003). Adding to these disadvantages is the fact that no reference for DON 
determination in atmospheric particles by the HTC method was found. Considering that 
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the main conclusion extracted by  (Sharp et al., 2002) from an inter-laboratory study 
was that the three methods give comparable results with no systematic difference for 
TDN concentration for seawater samples from PO, UV and HTC methods, the HTC 
method was discarded.  
The minimal sampling handling, the significantly higher DON recoveries from 
aerosol particles in relation with those provided by the PO method (Cornell and Jickells, 
1999) as well as the consistent data reported by (Zhang and Anastasio, 2001) for fog 
water (Zhang et al., 2003) and for fine atmospheric particles (Zhang et al., 2002) were 
used as criteria for the selection of the UV-photolysis method to measure DON in 
atmospheric samples. 
 
Materials and Methods 
Chemicals  
Urea standard solutions were prepared from a 40% (w/w) urea solution (Sigma-
Aldrich, Inc.) and solid urea (ACS reagent, ACROS, Inc.), and amino acid standard 
solutions from an L-amino acids and glycine kit (Sigma-Aldrich, Inc.) containing 
individual solid portions of 22 standards. Methylamine standard solutions were made 
from a 40% (w/w) methylamine solution (ACS reagent, Sigma-Aldrich, Inc.). 
Calibration curves were made from dilutions of individual 1000 mg l-1 NH4+, NO2-), and 
NO3- standard solutions (UltraScientific, Inc), while check standards were prepared 
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from 100 mg l-1 anion (Cl-, NO2-, NO3-, PO4-, and SO4-2) and cation (Na+, NH4+, K+, 
Mg+2, and Ca+2) mixtures (Inorganic Ventures, Inc. and Certiprep, Inc., respectively).   
All solutions were prepared with pure reagent and double de-ionized water 
(DDW) to reach DIN concentrations below the detection limit of the ion 
chromatographic (IC) method. Double de-ionized water (> 18.0 MΩ-cm and total 
organic carbon content (TOC) less than 5 ppb) was obtained from a Nanopure® 
DiamondTM Analytical Ultrapure Water System Model D11901 (Barnstead, Inc.). The 
resin cartridge used was ultra-low organics, Type I, with de-ionized water feed. 
Solutions were kept in the refrigerator (4 oC) protected from light.  
Chromatographic Analyses 
NH4+, NO2- and NO3- that comprise the DIN fraction, and methylamine, were 
determined using a Dionex 600 ion chromatograph (IC) equipped with a CD25A 
conductivity detector and an AS50 autosampler. Anions were separated by an IonPac® 
AS9-HC analytical column (4 x 250 mm) and ASRS-Ultra 4-mm suppressor using 
sodium carbonate/bicarbonate solution as an eluent. Isocratic separation or gradient 
separation for methylamine (Rey, 2001) of cations was done by an IonPac® CS16 
analytical column (4 x 250 mm) kept at 40 oC and a CSRS-Ultra II 4-mm suppressor. 
The eluent for cations was a methanesulfonic acid solution and its flow rate was fixed to 
be 1 mL min-1. The injection volume was set to be 100 µL.Check standards were run 
after every ten samples and were within 5 % of their prepared concentrations (within 10 
% for concentrations near the LOD).  
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DON Analyses 
Solutions and laboratory blanks of acidified DDW were irradiated in a Rayonet 
Photochemical Chamber Reactor Model RPR-100 (Figure 3-1)  with a 36-sample 
merry-go-round unit (Southern New England Co, Inc.). The reactor was equipped with 
16 mercury low-pressure lamps (RPR-253.7 nm), each one with a power of 35 W. The 
samples were rotated at a speed of 5 rpm during the UV photolysis process and kept 
approximately 3 cm from the lamps. For safety reasons, the reactor was placed in a 
temperature-controlled environment under the laboratory hood during operation.  The 
temperature of the air surrounding the samples was monitored using a Type T (copper – 
constantan) thermocouple. 
Solutions and laboratory blanks were acidified to pH 2 in batches immediately 
before the irradiation process with less than 20 µl of concentrated sulfuric acid. The 
solution pH was measured using an Accumet AR50 dual channel pH/ion/conductivity 
meter (Fisher Scientific, Inc.) and a potassium chloride electrode (Corning, Inc.).  
To eliminate sample volume as a source of variation, 5.0 ml aliquots were 
delivered to 8.0 ml quartz tubes.  Quartz tubes were sealed with customized PTFE® 
stoppers wrapped with PTFE® tape. The weight of the quartz tubes filled with sample 
was measured before and after irradiation to account for possible evaporative losses. 
Proper precautions regarding contamination of all glassware, especially the quartz 
tubes, were taken according standard methods.  
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Nitrogen atoms present in organic molecules can be released as inorganic forms 
of NH4+, NO2- or NO3-; therefore the measured DON is the difference between the 
molar sum of the three ions before and after irradiation (DONmeasured). 
 
 
Figure 3-1. Photochemical Chamber Reactor Model RPR-100 (Southern New England 
Co, Inc.). 
 
Field Sampling and Sample Processing 
The sampling campaign was conducted at an atmospheric deposition monitoring 
site adjacent to Tampa Bay at the eastern end of the Gandy Bridge in Tampa, Florida 
(27.78 oN, 82.54 oW, Figure 1-1).  A Rupprecht and Patashnick Dichotomous Partisol-
Plus Model 2025 sequential air sampler (Appendix B) was used to collect 24-hr 
27 
integrated PM2.5 and PM10–2.5 ambient air samples at a total flow rate of 16.7 l min-1 
onto PTFE® 2 µm pore size, 47 mm diameter filters (Whatman, Inc.). Two magazines 
(i.e., precision-manufactured filter holders) with filters for samples and field blanks 
were transported daily to and from the site without refrigeration. To account for 
contamination from filter storage, handling, and transport, field blanks were stacked in 
the magazines but unexposed to air flow during sampling. 
Samples, field blanks, and lab blanks were extracted under sonication in an 
isothermal bath at 40 oC with 20 ml of DDW into amber glass bottles without 
headspace. Extraction bottles were carefully sealed with Teflon tape to avoid 
contamination from the water inside the sonicator bath and evaporative losses during 
storage. Extracts were stored in the dark at 4 oC and brought up to room temperature 
prior to analysis.  Field blank concentrations were determined every two days to check 
for possible contamination from sampling handling. Field blanks were processed 
identical to the samples.  Nitrogen detected in un-irradiated extracts of field blanks was 
subtracted from DIN concentrations, while nitrogen measured in irradiated extracts was 
subtracted from TDN. DON concentrations were calculated as the difference between 
TDN and DIN after the blank corrections. 
Blanks and General Performance 
To account for possible organic nitrogen contaminants, acidified blanks of 
double deionized water (DDW) were irradiated and analyzed as the rest of the samples. 
The average DON in blanks was 0.9 ±0.5 µM-N (n = 30), which agreed with those 
previously reported (Cornell and Jickells, 1999;Zhang and Anastasio, 2001; Mace and 
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Duce, 2002). The detection limit (LOD) was 1.6 µM-N, defined as three times the 
standard deviation of the DON concentration measured in the DDW blanks. 
The influence of temperature during photolysis has not been well established. 
Experiments for atmospheric samples have been done using temperatures under 50 oC 
(Zhang and Anastasio, 2001; Zhang et al., 2002), between 50-55 oC  (Cornell et al., 
2001), between 75-85 oC (Carrillo et al., 2002), at 85 oC (Mace and Duce, 2002) and 
under 90 oC  (Scudlark et al., 1998).  The maximum temperature reached during sample 
illumination is a function of the UV lamp power and type (low-, medium- or high-
pressure) and the type of cooling system used. Higher temperatures have been used to 
reduce irradiance periods and increase conversion rates; however, lower temperature 
and longer irradiance periods were chosen to reduce the evaporation and loss of volatile 
species in samples (e.g. if a 87 µM-N methylamine solution was left exposed to clean 
air at 20 oC, volatilization of the amine will cause a 11 % reduction on the initial 
concentration. This is especially important for very volatile species such as 
methylamine. At the sample extraction and solution irradiation temperature of 40 oC, 
the vapor pressures of water and methylamine are 7.4 kPa and 580 kPa, respectively).  
By controlling the room temperature and air flow around the reactor, 
temperature fluctuations inside the reactor were kept to a minimum. The steady state 
temperature measured in the reactor near the samples was approximately 44 oC. Water 
evaporation losses were minimal: 0.03 ± 0.05 % (n=14). Methylamine evaporation 
losses were within 5 %, based on IC analyses of non-irradiated control samples held at 
room temperature on the IC auto sampler. 
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pH and Irradiance Period 22 Factorial Experiments 
The conversion by UV photolysis of organic molecules to their inorganic form 
can be affected by temperature, irradiance period, pH, and concentration of inorganic 
and organic species (Gustafsson, 1984; Walsh, 1989). To measure the extent of this 
conversion, the conversion efficiency (η) was defined as the molar ratio of the 
DONmeasured to the initial organic nitrogen concentration of the standards (DONstandard), 
as shown in Equation 3-1. 
 
standard
measure
DON
DON d=η                  Equation 3-1 
To find the optimal parameters for the use of UV photolysis with DON species, 
a 22 factorial experiment was used with sample pH and irradiance period as the factors 
for solutions containing urea, amino acids (alanine, aspartic acid, glycine and serine), or 
methylamine. pH and irradiance period were assumed to be the most important 
operational parameters of the method. For each substance the factorial design is based 
on two and three replicates per combination, and there was no need of extra replicates 
because the standard deviation of the conversion efficiency values was not higher than 
2.9 %, showing good reproducibility for the analyses.  
The pH of the treated solution has shown to be an important factor in the 
conversion of species such as urea. The role of pH in photolysis can be associated with 
its influence on the formation rate of hydroxyl radicals, candidates responsible for the 
oxidation of organic matter (Arakaki et al., 1999). It has been reported that pH values 
between 7 and 9 allow the decomposition of almost all organic nitrogen species, but 
lower pH values between 4 and 6 help decompose more refractory species such as urea 
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(Golimowski and Golimowska, 1996). The pH had only a slight effect during UV 
photolysis with peroxodisulphate of urea solutions (Roig et al., 1999), but could 
increase the hydrolysis rates through which urea is normally transformed to carbon 
dioxide and ammonia (Cornell et al., 1998).  It was found that for the duration of the 
experiment, urea hydrolysis rates were negligible: for standard urea solutions of 10, 20, 
and 72 µM-N, acidified urea samples did not release ammonium, nitrite, or nitrate in the 
absence of UV light. 
For the treatment of atmospheric samples, irradiance periods of  2 hr (Mace and 
Duce, 2002), 3 hr (Carrillo et al., 2002), 12 hr (Scudlark et al., 1998), 18-22 hr (Walsh, 
1989), 24 hr (Zhang and Anastasio, 2001; Zhang et al., 2002) have been used with good 
conversions. 
Another factor influencing conversion during photolysis is the concentration of 
organic nitrogen. Incomplete conversions have been found for standard solutions of 
urea at concentration levels higher than 50-60 µM-N (Cornell and Jickells, 1999); 
(Mace and Duce, 2002) and for 2-75 µM-N glycine, EDTA, antipyrine (1,2-Dihydro-
1,5-dimethyl-2-phenyl-3H-pyrazol-3-one), urea, and humic acid in an organic-rich 
solution (Bronk et al., 2000). The same decreases in the conversion of urea, EDTA and 
antipyrine were seen in seawater samples when their spiked concentrations were 
increased from 10 to 40 µM (Walsh, 1989).  Irradiation power may change over the 
lifetime of the lamp and depends on such factors as the spectrum of the UV lamp, the 
bulb temperature and the arc current. It was assumed that this variable did not change in 
the performed experiments. The temperature inside the reactor was checked constantly 
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in order to detect any change in the irradiation power. Decreases on the conversion 
efficiency have been associated with changes in the lamp spectrum (Bronk et al., 2000).  
Between the DON selected species, urea was chosen because it has shown a 
strong refractory behavior under UV photolysis ( Golimowski and Golimowska, 1996;  
Bronk et al., 2000) and because of its presence in rainwater and aerosol samples 
(Timperley et al., 1985; Cornell et al., 1998; Cornell et al., 2001; Mace et al., 2003b). 
Amino acids were included because of their ubiquity in atmospheric samples (Scheller, 
2001; Zhang and Anastasio, 2003b). Alanine, aspartic acid, glycine, and serine were 
selected to represent an important fraction of the free-amino compounds as found in 
aerosol samples (Mace et al., 2003a; Mace et al., 2003c; Zhang and Anastasio, 2003b). 
Methylamine as found in aerosol and fog water samples (Van Neste et al., 1985; 
Gorzelska et al., 1992; Zhang and Anastasio, 2003b). It is the simplest substance of the 
amine family and although an optimization of its photochemical conversion does not 
guarantee conversion of more complex amines, its higher volatility made possible 
quantifying evaporative losses during the experiments.  
To fix the effect of concentration of DON for the 22 factorial experiments, 
solutions were prepared to a target concentration of approximately 80.0 µM-N, and final 
concentrations were: urea, 71.4 µM-N; amino acids, 83.6 µM-N; and methylamine, 87.0 
µM-N. Concentrations for individual amino acids were L(+)-alanine, 25.1 µM-N; L-
aspartic acid, 18.5 µM-N; glycine, 21.5 µM-N; and L-serine, 18.4 µM-N. The method 
optimization occurred prior to field sampling, so target concentrations were chosen in 
attempt to bracket the average aerosol concentrations reported in the literature (e.g., 
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extracts from bulk aerosols samples from the Eastern Mediterranean had an average 
DON equivalent to 58 µM-N (Mace et al., 2003c), while extracts from California PM2.5 
samples had an average DON equivalent to 127 µM-N (Zhang et al., 2002). Although 
afterwards much lower levels were found in aerosol samples, the complete conversion 
of DON species at higher levels made unlikely the presence of negative biases in the 
presented results.  
For the 22 factorial experiments factor levels were chosen with a high separation 
between them to maximize the effect of the variables on the conversion and thus 
improve the identification of their influence. The factor levels for the irradiance period 
were 8 hr and 24 hr for amino acids and methylamine solutions, and 16 and 24 hr for 
urea solutions. For urea, the lower irradiance period was increased to assure measurable 
conversion efficiencies. The levels of irradiance period represented a trade-off between 
higher sample conversion efficiencies and the loss of volatile constituents. The selected 
pH levels were the original sample pH (from 5 to 9), and pH 2 after sample acidification 
with concentrated sulfuric acid (94-98 %). Below pH 2, the SO4-2 chromatography peak 
overwhelms the NO3- peak and thus interferes with NO3- determination.  
For urea solutions, maximum and minimum conversion values were 72 % and 8 
%, respectively. The maximum conversion value reached for a solution of pH 2 agreed 
with the value presented by (Bronk et al., 2000) for a urea solution in de-ionized water 
with 75 µM-N. A conversion efficiency of approximately 70 % revealed the 
recalcitrance of urea to UV photolysis (Walsh, 1989; Golimowski and Golimowska, 
1996; Bronk et al., 2000).  
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The resistance of urea to UV photolysis has been observed since the first 
application of the method to DON determination, Armstrong reported back in 1966 that 
urea was partially oxidized after irradiance at conditions found adequate for other 
substances (Armstrong et al., 1966). Urea is an amide compound, and amide functional 
groups have shown to be specially resistant to both photochemical and microbial 
degradation (Buffam and McGlathery, 2003). Although a reaction mechanism to 
explain the special behavior of this substance is not reported in the literature, it has been 
suggested that urea decomposes with an oxygen-related mechanism which is slowed by 
the decrease in the relative oxygen concentration that occurs during irradiance. Urea 
solutions increase their conversion efficiency values when irradiance was continued 
with the addition of hydrogen peroxide (Walsh, 1989).  
For urea solutions at prepared at higher concentrations (714.3 µM-N), urea 
disappearance under UV-photolysis was monitored using a colorimetric method (the 
reaction with diacetyl monoxime in the presence of thiosemicarbazide and ferric ions) 
(Hassan et al., 1995; Goeyens et al., 1998). The detection level of 71.4 µM-N 
equivalent to 1000 µg-N l-1 for this colorimetric technique was too high to use for the 
chosen experimental urea concentrations. 
For amino acids, maximum and minimum conversions were 97 % and 69%, 
respectively; the difference between these values indicates smaller factor effects, and 
also a less refractory behavior of amino acids by UV photolysis as compared with urea. 
The same behavior was observed for methylamine, for which maximum and minimum 
conversions were 84 % and 5 %, respectively.  
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At pH 2 and 24 hr irradiance period all the solutions of the DON selected 
species showed maximum values for the conversion efficiency when analyzed with UV 
photolysis. Even when this could had been used to define the optimal settings for the 
application of the method, the direction of the factor effect over the conversion 
efficiency was confirmed through analyses of variance (ANOVA) and multi-linear 
regression.  
Evidence of the significance of the factor effects were studied using p-values per 
factor as presented in Table 3-1 and the linear regressions presented in Equations 3-2 to 
3-4. It was found a significant effect (p < 0.05) of the solution pH on the conversion of 
urea, amino acids, and methylamine by UV photolysis. The irradiance period effect was 
significant over the conversion efficiency of all selected DON species except for urea. 
The irradiance period did not show a significant effect over the conversion efficiency of 
urea because its lower level was chosen to be 16 hr instead of 8 hr. The time effect was 
not caught due to the proximity of the factor levels.  The interaction of pH and 
irradiance period (pH×time) had a significant influence on the conversion of 
methylamine.  
In all cases, the regression coefficient of pH was negative meaning that the 
lower the pH the more complete was the conversion efficiency. Regression coefficients 
for irradiance period were positive meaning that the longer the irradiance period the 
more complete was the conversion efficiency for amino acids and methylamine.  
35 
Table 3-1. p-values from Analyses of Variance of the Conversion of Organic Nitrogen 
Solutions under UV-Photolysis. 
p-values* 
Factor 
Urea (71.4 µM-N ) Amino acids (83.6 µM-N) Methylamine (87.0 µM-N)
pH < 0.0001 0.0032 < 0.0001 
Time 0.4893 0.0010 < 0.0001 
pH×Time 0.1545 0.4483 < 0.0001 
*The effect is significant when p<0.05 for a confidence level α=95%.  
 
Urea:  ( ) timepHtimepH ×+×15.5 − 99.9 = 1.0,η              Equation 3-2 
Amino acids: ( ) timepHtimepH ×+×−= 09.04.50.88,η             Equation 3-3 
Methylamine: ( ) timepHtimepHtimepH ××−×+×−= 3.09.26.33.35,η         Equation 3-4 
 
The pH of the solution proved to be the most important operational parameter of 
the UV photolysis method but its role on reaction mechanisms cannot be defined by this 
study. Transformation of DON to DIN can occur by indirect photo-oxidation as a result 
of photo-formed reactive species (Anastasio and McGregor, 2000)  and/or by reaction 
with hydroxyl radicals, singlet molecular oxygen, or peroxyl radicals (Anastasio and 
McGregor, 2001; McGregor and Anastasio, 2001).  Reaction mechanisms are not the 
same for all species and are not available for the DON selected species. A mechanism 
proposed for the decomposition of glycine to NH4+, one of the selected amino acids, 
was driven by hydroxyl radicals (Berger et al., 1999; Karpel Vel Leitner et al., 2002). If 
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that were the case, it is known that in acidic conditions, the glycine decomposition starts 
with the OH radical attack on the glycine anions and ends with main production of 
ammonium ions. The OH reaction with the glycine anionic form is faster at pH levels 
lower than the glycine pKa. Vel Leiner et al. reported that at pH 8 the OH radical attack 
is 2.8 times faster than at of the neutral form (pKa=9.8). Glycine decomposition by 
direct photolysis is negligible(Karpel Vel Leitner et al., 2002). Another possible 
explanation for the pH role was found in the literature from experiments of conversion 
of fogwater and aerosol organic nitrogen samples to NH4+, NO3- and NOX under 
simulated sunlight. Although there was a non significant pH effect on the NH4+ 
formation rate, rates for N(III) destruction and NO3- formation at pH 3.2 were more than 
6 times faster than at pH 6.4. Authors attributed the effect to the increase in HNO2 
concentration, a species more photo-chemically reactive than NO2- (Zhang and 
Anastasio, 2003a). 
 
Proportions of Ammonium, Nitrite, and Nitrate Formed from DON 
The average distribution of inorganic nitrogen after the irradiation of organic 
nitrogen solutions under 200 µM-N is presented in Table 3-2. The consistency of these 
results for urea, amino acids, and methylamine offered an opportunity to predict the 
final distribution of inorganic nitrogen for known mixtures of these organic nitrogen 
compounds. 
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Table 3-2. Average Percentage of Inorganic Nitrogen Produced Per Species After UV-
Photoxidation at pH=2 and 24-hr Irradiance Period at Concentrations Under 100 µM-N. 
Substance n NH4+ (%) NO3- (%) 
Urea 17 51.7 ± 5.3 48.2 ± 5.6 
Methylamine 10 96.1 ± 2.0 3.9 ± 2.0 
Amino acids 9 96.8 ± 3.2 3.2 ± 3.2 
Amine Mixture 2 96.0 ± 0.6 4.0 ± 0.6 
 
For the experiments, inorganic nitrogen formed by the UV photolysis of urea, 
amino acids and methylamine was dominated by NH4+. NO3- was produced in an 
appreciable quantity when urea was irradiated by UV at low pH. NO3- also appeared 
when methylamine was irradiated for only 8 hr at high pH. This shows the existence of 
different decomposition mechanisms: the photolysis of amino acids and methylamine 
released mainly NH4+, but urea released a near equimolar ratio of NH4+ and NO3-. 
Evidence supporting the decomposition to NH4+ of amino acids, amines and other 
similar species such as humic acids can be found elsewhere (Gustafsson, 1984; Berger 
et al., 1999; Tarr et al., 2001; Wang et al., 2000a; Zhang and Anastasio, 2003b). 
Methylamine is the simplest amine of the aliphatic family; therefore mixtures of other 
amines commonly found in atmospheric samples were later tested. A mixture of 75.4 
µM-N of dimethylamine, 26.6 µM-N of diethanolamine and 97.8 µM-N methylamine 
generated after UV photolysis more than 95% of NH4+ following the same tendency of 
pure methylamine solutions. 
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If all the organic nitrogen molecules decompose with the same conversion value 
and produce the same ammonium and nitrate ratio, then the fraction of each inorganic 
nitrogen species generated from a mixture could be predicted by Equation 3-5, where 
[Uo], [AAo] and [MAo] are the initial concentrations of urea, amino acids, and 
methylamine, respectively, in the mixture; and yiU, yiAA and yiMA are the fractions of the 
inorganic nitrogen species i produced by photolysis. Differences between the predicted 
and actual concentrations of organic nitrogen were within 7 % at approximately 10 µM-
N but less than 1 % from the approximately 100 µM-N level. The consistency of the 
product to reactant ratios for mixtures of these compounds treated under the same 
laboratory conditions is remarkable.  An interpretation of these results, applicable to just 
the specific set of six organic nitrogen compounds, is that each substance was converted 
from its organic to its inorganic nitrogen form with the same efficiency and mechanism 
whether as a single solute or in a mixture. While these results are not directly applicable 
to complex atmospheric samples, this approach can be used to evaluate organic-organic 
or organic-inorganic interactions, which may cause variations in the UV photolysis 
method performance (Cornell and Jickells, 1999). 
( ) [ ] [ ] [ ][ ] [ ] [ ] 100% ⋅++
×+×+×=
ooo
iMAoiAAoiUo
i MAAAU
yMAyAAyU
DIN                   Equation 3-5 
Even though the UV photolytic approach is purely operational, these 
observations may provide comparative experimental data for researchers involved in 
determining mechanistic pathways of photolytic and photo-assisted DON 
decomposition. 
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Application of the UV Photolysis Method to Aerosol Samples 
Between November 2004 and April 2005, 32 samples of particulate matter 
(PM2.5 + PM10-2.5 = PM10) were analyzed for DIN and DON showing average 
concentrations of  78.1 ± 29.2 nmol-N m-3 and 8.3 ± 4.9 nmol-N m-3 for DIN and DON, 
respectively. The ratio between DON and total dissolved nitrogen (TDN=DIN+DON) 
was 10.1 ± 5.7 %.  Although concentrations were higher during winter months 
compared with spring months, the contribution of the organic fraction to the total 
nitrogen in PM10 was approximately 10 % over the sampling period (Table 3-3). 
Table 3-3. DIN and DON Concentrations (nmol-N m-3) in PM10 Samples Collected at 
the Gandy Bridge Monitoring Site, Tampa, FL. 
Sampling Day PM10-DON PM10-DIN-NH4+ PM10-DIN-NO3- PM10-DIN
4-Nov-2004(outlier) 29.8 36.9 23.1 62.4 
5-Nov-2004 8.5 59.4 8.6 68.1 
6-Nov-2004 11.5 73.4 14.2 87.5 
7-Nov-2004 13.4 64.6 9.9 75.1 
8-Nov-2004 9.9 94.2 22.6 116.8 
25-Jan-2005 4.1 34.1 18.0 52.2 
26-Jan-2005 5.9 38.3 25.2 63.5 
28-Feb-2005 6.2 28.5 11.3 39.8 
1-Mar-2005 5.0 16.5 16.9 33.4 
2-Mar-2005 8.8 21.6 5.0 26.7 
12-Mar-2005 6.6 20.7 20.0 40.8 
13-Mar-2005 5.2 58.1 43.9 102.0 
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Table 3-3. (continued) 
Sampling Day PM10-DON PM10-DIN-NH4+ PM10-DIN-NO3- PM10-DIN
14-Mar-2005 14.8 134.0 28.0 162.5 
30-Mar-2005 9.9 47.7 41.1 88.8 
31-Mar-2005 8.7 62.4 32.2 94.5 
1-Apr-2005 12.9 53.2 33.6 86.7 
3-Apr-2005 3.4 39.9 15.1 55.0 
4-Apr-2005 9.5 74.4 25.9 100.3 
5-Apr-2005 5.2 57.8 27.9 85.7 
6-Apr-2005 5.9 52.5 40.7 93.2 
9-Apr-2005 11.1 114.4 23.0 137.3 
10-Apr-2005  6.9 43.0 46.3 89.3 
11-Apr-2005 7.5 28.3 36.9 65.2 
12-Apr-2005 7.1 25.5 37.7 63.2 
13-Apr-2005 5.8 30.0 27.1 57.1 
14-Apr-2005 9.3 54.1 18.5 72.6 
15-Apr-2005 5.6 36.7 31.2 67.9 
16-Apr-2005 2.2 26.4 32.7 59.0 
17-Apr-2005 5.6 29.7 32.1 61.8 
18-Apr-2005 5.2 34.3 47.9 82.2 
19-Apr-2005 6.4 55.8 44.8 100.7 
20-Apr-2005 6.6 48.7 60.0 108.7 
Average 8.3 49.8 28.2 78.1 
Standard deviation 4.9 26.5 13.0 29.2 
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The predominance of NH4+ and NO3- in the fine and coarse particle fractions, 
respectively, agreed with the results of size-segregated particle measurements 
previously made at the Gandy Bridge monitoring site. By comparison of experimental 
and modeled data,(Campbell et al., 2002) predicted the formation of solid phase 
ammonium sulfate (mainly in the fine mode) and sodium chloride, sodium nitrate and 
gypsum (mainly in the coarse mode). 
Organic nitrogen concentrations for the PM2.5 fraction were low, relative to the 
18.9 ± 13.6  nmol-N m-3 in the same fraction observed in northern California (Zhang et 
al., 2002). Compared with measurements made in Hawaii with a cascade impactor (0.2 
- 10 µm diameter particles), the Tampa Bay PM10 samples were higher in DON than the 
average of 3.3 ± 2.0 nmol-N m-3  seen under trade wind conditions and lower than the 
average of 28.5 ± 25 nmol-N m-3 collected without the trade winds (Cornell et al., 
2001). PM10 samples collected in the Amazon Basin, Brazil, were richer in DON during 
the dry season with an average concentration of  61 ± 67 nmol-N m-3 (below detection 
to 280 nmol-N m-3) and poorer in DON in the wet season with concentrations of 3.5 ± 
4.6 nmol-N m-3 (below detection to 18.0 nmol-N m-3) (Mace et al., 2003a). On the other 
hand, a much lower average concentration of 3.6 ± 5.7 nmol-N m-3 (below detection to 
18.8 nmol-N m-3 ) was detected in bulk aerosols from Tasmania, Australia (Mace et al., 
2003b).    
It was found that the DON PM2.5 fraction contributed on the average 79.1 ± 18.2 
% of the total organic nitrogen found in the aerosol samples. The higher concentration 
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of organic nitrogen on the fine mode filter indicates gas to particle transformations or 
subsequent enrichment of the small particles with gas-phase organic nitrogen. A higher 
contribution of the PM10-2.5 would have been associated with natural sources of organic 
nitrogen such as plant detritus or sea spray, for example.  Evidence for these hypotheses 
was found by statistical analysis of 24-hr integrated DIN and DON concentrations in 
PM10 samples and average meteorological conditions using multi-linear regression 
techniques (Calderón et al., 2006a).  
The distribution of inorganic nitrogen produced by exposure of the aerosol 
samples to UV light showed an average NH4+ fraction of 73.3 ± 11.5 % and 57.6 ± 34.2 
% and NO3- fraction of  27.3 ± 11.2 % and 21.0 ± 18.7 % in PM2.5 and PM10-2.5 
fractions, respectively (Figure 3-2). 
Figure 3-2. Inorganic Nitrogen Distribution of the Organic Nitrogen Fraction After UV-
Photolysis of Aerosol Samples. 
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As NH4+ is the highest contributor, this could indicate organic nitrogen 
compounds similar to amino acids and amines. The presence of dimethylamine in PM2.5 
extracts was confirmed by ion chromatography (Calderón et al., 2006b). The existence 
of NO3- could also indicate a contribution from urea. NO3- from the UV photolysis of 
aerosol organic nitrogen was consistently present in the PM2.5 fraction at concentrations 
above the LOD. Percentages higher than 100 % are generated by negative numbers 
related to the disappearance of NO2- after irradiation (lower concentrations after 
irradiance leading to negative concentrations and therefore negative ratios with total 
DON) due to possible conversion to NO3- by photochemical reactions.  The ratio 
between the photo-produced NH4+ and NO3- is relatively constant during all the 
sampling period and could indicate dominant sources of DON in the area, for example, 
the sea surface.  
Effect of DON Mixtures and DIN/DON Ratio on Conversion Efficiency 
After field sampling, the method applicability was tested at DON and DIN 
concentrations similar to those found in samples. The experiments were done with 
replicate equimolar mixtures (n = 5) of these compounds at 10.1 µM total organic 
nitrogen, as well as with replicate solutions of 19.9 µM-N urea (n = 5), 9.9 µM-N urea 
(n = 5), 5.4 µM-N amino acids (n = 4), and 10.1 µM-N methylamine (n = 5).  The 
potential for organic – organic interactions was studied with replicate mixtures (n = 9) 
of 34 µM-N urea, 33 µM-N amino acids (the amino acid concentrations were: L(+)-
alanine, 10 µM-N; L-aspartic acid, 7 µM-N; glycine, 9 µM-N; and L-serine, 7 µM-N), 
and 34 µM-N methylamine, or 101 µM total organic nitrogen. To account for the 
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variation of experimental conditions and test the method reproducibility, two blocks of 
100 µM-N mixtures were irradiated 7 d apart. Each block was analyzed immediately 
after the solutions were removed from the reactor. Every replicate came from the same 
batch of solution and was treated in the same way in both blocks. Conversion values per 
block were not significantly different (two-sided unpaired t-test, p=0.16, n=9). 
Mixtures at two concentration levels 10 µM-N and 101 µM-N gave average 
conversion efficiencies of 103 ± 2 % and 100 ± 2 %, respectively (Table 3-4). These 
values confirmed that the total UV-photon flux during the irradiance period is enough to 
assure complete conversion of organic nitrogen under 33 µM-N. Concentrations for 
each organic nitrogen compound in mixtures were under individual limits for complete 
conversion found during single-substance experiments. The low standard deviations 
confirm that adequate precision was seen for individual compounds. 
Table 3-4. Conversion Efficiencies of Urea, Amino Acids, and Methylamine Solutions 
After UV Photolysis at pH 2 for 24-hr. 
Solution NH4+  (µM-N)* NO3- (µM-N)* DON   (µM-N) η (%) 
19.9 µM-N Urea (n=5) 10.2 ± 0.2 9.6 ± 0.03 19.7 ± 0.3 99.2 ± 1.3 
10 µM-N Urea (n=5) 5.2 ± 0.1 4.8 ± 0.1 10.0 ± 0.2 100.3 ± 1.7 
5 µM-N Amino Acids 
(n=4) 
5.0 ± 0.3 0.4 ± 0.1 5.4 ± 0.3 100.7 ± 5.1 
10 µM-N Methylamine 
(n=5) 
9.2 ± 0.3 0.5 ± 0.1 9.7 ± 0.3 96.4 ± 3.3 
10 µM-N Mixture (n=5) 9.2 ± 0.2 1.2 ± 0.04 10.4 ± 0.2 103.2 ± 2.2 
101 µM-N Mixture (n=10) 85.8 ± 2.0 18.4 ± 0.8 104.0 ± 2.0 100.3 ± 2.0 
* These are the concentrations of the DIN species generated after photolysis 
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Finally, the effect of the DIN DON-1 ratio on the conversion efficiency was 
studied with replicate mixtures of 10 µM-N urea (n=3) with five DIN concentration 
levels changing from 0.3 to 104 µM-N (Table 3-5). For these experiments, the standard 
solutions were adjusted to pH 2 and irradiated for 24 hr.  
The effect of the DIN DON-1 ratio on the conversion efficiency of the 10 µM-N 
urea solutions was found to be non significant (p=0.065) at 95 % confidence level, but 
did increase the conversion efficiency beyond 100 % with the largest DIN DON-1 ratios 
showing the highest conversion efficiencies. The average conversion for all replicates 
and factors was 108 ± 5 %. Because the Tampa Bay PM10 samples showed an average 
DIN DON-1 ratio of 9 (DON TDN-1 in PM10 is 10.1 ± 5.7 %) they are likely biased high.  
Table 3-5. Effect of the DIN DON-1 Ratio on the Conversion of a 10 µM-N Urea 
Solution. 
DIN DON-1 DIN-NH4+ (µM-N)* DIN-NO3- (µM-N)* DON (µM-N) η (%) 
0.03 0.1 0.2 10.5 105.0 
0.03 0.1 0.2 10.7 106.6 
0.03 0.1 0.2 10.6 106.0 
0.6 0.6 5.5 10.6 106.0 
0.6 0.7 5.3 10.6 106.4 
0.6 0.6 5.4 10.6 106.0 
3.9 5.0 33.9 10.5 104.6 
3.8 4.6 33.4 10.4 103.6 
3.8 4.8 33.4 10.5 104.9 
* These are the DIN concentrations present before irradiance of solutions 
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Table 3-5. (Continued) 
DIN DON-1 DIN-NH4+ (µM-N)* DIN-NO3- (µM-N)* DON (µM-N) η (%) 
10.4 12.0 91.8 12.2 122.4 
10.4 12.5 91.5 10.7 106.7 
10.4 12.9 91.2 11.3 113.1 
10.4 12.0 91.8 12.2 122.4 
* These are the DIN concentrations present before irradiance of solutions 
 
Plausible explanations for conversions greater than 100 % are the propagation of 
random errors given by IC quantification errors. The standard deviation associated with 
the conversion efficiency is presented in Equation 3-6. The standard deviation 
associated with the DONmeasured was calculated as 5 % of the NH4+, NO2-, and NO3- 
concentrations measured for calibrated standard solutions tested during IC analyses. 
The standard deviation associated with the DON concentration in the standard solution 
prepared to measure the conversion efficiency (DONstandard) is related to the dilution 
errors calculated through the scale precision (0.0001 g) and the reactant/solution weight 
values.  
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At 10 µM-N the standard deviation of the conversion efficiency varied from 3.5 
% from 55.0 % when the DIN/DON ratio of the solution changed from 0.3 to 10.4 
(Table 3-5). With 10 µM-N of DON in sample a deviation from the true value can be 
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expected changing from 0.35 µM-N to 5.5 µM-N when the DIN/DON ratio changes 
from 0.03 to 10.4. Such uncertainty confirms the existence of positive biases in the 
measured DON concentrations because of the high DIN DON-1 ratios observed in 
aerosol samples. Similar DON uncertainties are reported for the method in the literature 
(Cornell and Jickells, 1999; Mace and Duce, 2002), and constitute the biggest 
disadvantage of all methods that determine DON by difference of TDN and DIN 
concentrations. Attempts to reduce the method uncertainty through the reduction of DIN 
concentrations by dialysis pretreatment (Lee and Westerhoff, 2005) or catalytic 
reduction of nitrate contents (Ambonguilat et al.) before DON determination have only 
been partially successful. 
 
Summary 
Factorial design experiments tested the optimal settings of the UV-photolysis 
method for the DON determination in aerosol samples. Complete conversion of organic 
nitrogen in solutions of urea, methylamine and amino acids (alanine, aspartic acid, 
glycine and serine) at total organic nitrogen concentration levels under 33 µM-N were 
found at pH 2 for a 24-hr irradiance period. The results agreed with those reported in 
the literature, but offer additional information about decomposition products and 
interactions of the selected DON species.  
The existence of DON in atmospheric aerosols revealed an unaccounted for 
nitrogen flux to Tampa Bay. Although DON concentrations in the coarse mode were 
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smaller compared to the fine mode, their contribution to the dry deposition flux may be 
larger because of their higher deposition rate. The presence of DON in fine particles 
could indicates gas-to-particle conversion as the correlation of DON and meteorological 
conditions. Gas-phase organic nitrogen would contribute to the wet and dry deposition 
by rainwater scavenging and direct mass transfer from the air to the water surface, 
respectively.  
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4. PARTICLE AND GAS SCAVENGING PROCESSES  
Introduction  
By absorption, rainwater delivers to the Earth’s surface particulate and gaseous 
species dissolved in the atmosphere through in-cloud and below-cloud scavenging of 
gases and particles. These processes define an important part of the wet deposition 
fluxes, especially in tropical places where snow and fog events do not occur or are not 
so common.  
Below cloud scavenging processes are guided by momentum, mass and energy 
transfer between gas, liquid and solid phases changing constantly in the four 
dimensional time-space continuum. Under normal conditions all transfer processes 
between the dispersed and the continuous phase are bidirectional or reversible. The 
complexity of these phenomena is commonly approached by assuming a dispersed 
system of particles (liquid and/or solid mixtures) suspended in a mass of “clean” air, 
usually referred as the continuous phase, with traces of gas pollutants. Given the 
vastness of the continuous phase and in order to simplify its modeling, it is assumed to 
be a compartment of infinite volume, mainly comprised by air. Air conditions are 
defined by meteorological conditions such as relative humidity, dry bulb temperature 
and so on.  
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Gas pollutants, such as sulfuric and nitric acid as well as ammonia, are usually 
represented by their time-dependent concentrations in a one-dimensional space defined 
by the distance between the base cloud height and the ground. It is common to assume 
that their concentrations are horizontally uniform in the atmosphere. Particles and 
droplets are considered as chemically homogeneous and size distributed with properties 
dependent on time, height and particle size. Their chemical composition, mass, volume 
and number concentrations are the results of their physical and chemical interactions 
with trace gases and/or the normal atmospheric species under isothermal and well 
mixed conditions.  
Rainwater droplets are formed after water super-saturation of the atmosphere 
and are precipitated when they reach a size of around 1 mm after growing mainly by 
vapor condensation and droplet coalescence (Seinfeld and Pandis, 1998). During or 
after its formation in the cloud, droplets can dissolve chemical species by particle 
nucleation scavenging or absorption of gases in the interstitial cloud air (Seinfeld and 
Pandis, 1998). These processes define the initial concentration in droplets before they 
start to scavenge gases and particles from the below cloud atmosphere. The complete 
description of the process implies a two-step process with in-cloud and below-cloud 
scavenging. 
In this chapter the approaches most commonly used to describe the rain 
scavenging process are shown to establish the theoretical basis of the below-scavenging 
model used to estimate the contribution of particle and gas scavenging to the wet 
deposition fluxes of DIN and DON over Tampa Bay. 
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Characteristics of the Rain Droplet Distribution  
For both particles and gas transport, scavenging rates depend more strongly on 
the number concentration/droplet size relation defined by the drop size distribution 
(DSD). DSDs have been measured and fitted to several analytical functions in terms of 
the precipitation rate po(mm hr-1), which logically determines the total number of 
raindrops for a rain event. A raindrop distribution defines the number concentration or 
number of droplets N(Dp) with an specific droplet diameter Dp (mm) suspended in a 
volume of air (m-3) per unit size category (mm).   
To quantify the DSD effect on scavenging rates and in the absence of better 
information about DSDs on the Gandy sampling site, three of the most common DSDs 
were selected: the modified Marshall-Palmer (MP), the Gamma distribution by 
Massambani and Morales (MM) (1991) (Goncalves et al., 2000) and the lognormal 
distribution (L) (Mircea et al., 2000).  
The Marshall-Palmer one-parameter exponential size distribution is one of the 
most widely used due to its simplicity (Equation 4-1). Its drawbacks are related with 
failures in the description of instantaneous spectra and high over prediction of the 
smallest and largest drops (Feingold and Levin, 1986).  Later studies tried to improve its 
applicability by changing the parameter dependence (Seinfeld and Pandis, 1998), those 
changes are usually referred as the modified Marshall-Palmer distribution (MP*) 
(Equation  4-2), even though this distribution is assumed to be strictly applicable for 
drop limit size of 1.2 mm.   
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N represents the total number of droplets suspended in a volume of air (m-3) for 
a certain precipitation rate po. It has been reported that exponential distributions such as 
MP and MP* cannot describe well the skew-symmetric type distributions observed 
from experimental measurements. They cannot adjust quickly enough to the decrease in 
the number of drops at the small end of the spectrum due to their collection by the 
largest ones during their fall (Feingold and Levin, 1986).   
A first solution to this problem was proposed by Massambani and Morales 
(MM) (1991) (Goncalves et al.,2000) using the Gamma function based of the 
precipitation rate (Equation 4-3). 
 
( ) ( )2287.020524.0 41.1exp86.290 popop DpDpDN −=               Equation 4-3 
 
A second solution to the problem is the lognormal size distribution (L). This is a 
three parameter distribution based on the total number of drops, the geometric mean of 
drop diameter and the standard deviation of the drop diameter (Equation 4-4). Authors 
claim that this distribution is easier to understand due to the physical meaning of its 
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parameters and because the higher moments of the distribution are normally distributed 
if the original number of drops per unit volume per unit size is lognormal.  The 
parameters used to described the total number of droplets N, the geometric particle 
diameter and the standard deviation of the particle diameter are related to the 
precipitation rate po(mm hr-1) and were calculated to fit measured drop size distributions 
associated with frontal and postfrontal convective rain events. This distribution proved 
to give a better squared error to the observed data than the gamma or the exponential 
distribution (Feingold and Levin, 1986).   
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Droplet diameter ranges for each distribution were chosen to be within the 
recommended values found in the literature. Lower and upper limits for droplet size are 
respectively, 1.2 and 6 mm for the MP distribution (Equation 4-2), 0.3 and 6 mm for the 
MM distribution (Equation 4-3) and 0.127 mm and 6 mm for the L distribution 
(Equation 4-4).  Although each DSD has its own advantages and disadvantages, the L-
DSD had a smaller squared error than the Gamma or the lognormal distributions after 
fitting of experimental data (Feingold and Levin, 1986).   
To simplify the problem it was also assumed that DSDs do not change with time 
and are not affected by splitting, break-up events or other phenomena (Goncalves et al., 
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2000). Once the droplet is formed it was assumed that evaporation does not occur and 
the droplet diameter remains constant until it reaches ground level (Seinfeld and Pandis, 
1998). Another assumption related with the contact time during scavenging is that each 
droplet reaches its terminal velocity (Ut) quickly and travels at this speed until reaches 
the ground level (Kumar, 1985; Seinfeld and Pandis, 1998).   
The drop settling velocity is the velocity reaches by the particle/droplet when 
buoyancy-corrected gravitational force and the drag force balance one to each other. 
Although rain drop normal sizes settle at high Reynolds number (Re),the droplet settling 
velocity was calculated using a routine that allows the three possible motion regimes of 
particles under gravitational settling: Stokes’ regime (Re<1), transitional regime 
(1<Re<1000) and the Newton’s regime (Re>1000). This feature allowed us to use the 
same routine to calculate the particle settling characteristics. Due to the internal co-
dependence of the settling velocity and the Reynolds number, it was necessary to iterate 
between Re and Ut values using as a first assumption that particle velocities are in the 
transition regime. In this regime Ut can be calculated using only the particle diameter by 
an empirical expression of the product of the Reynolds number (Re) and the drag 
coefficient (CD), CDRe2 (Equation  4-5).  This relation agrees with tabulated data within 
3% for 1<Re<600 and within 7% for 0.5<Re<1000 (Hinds, 1999). The advantage of this 
approach is that Ut becomes only dependent on the acceleration of gravity (g), the 
particle density (ρp) and diameter (Dp) as well as the air density (ρg) and viscosity (µg) 
and the internal codependence with Re is eliminated.  
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The drag coefficient CD accounts for drag forces acting on the particle during its 
settling and therefore depends on the particle’s shape, size and relative velocity as well 
as on the air’s density and viscosity. It is equal to 24/Re at Re<1 and constant at 0.44 for 
Re>1000 and can be calculated iteratively from empirical expressions such as the one 
presented by (Hinds, 1999). Expressions for Ut (Equation  4-6) for each regime can be 
found elsewhere (Hinds, 1999).  
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To adjust the routine for the particles’ analyses, the slip correction factor (Cc) 
was included. The CC or Cunningham factor corrects for deviation from Stokes’ law for 
particles smaller than 0.1 µm and was calculated using its empirical expression 
depending only on the drop diameter and the air mean free path (λ) both measured in 
µm (Equation  4-7) (Jung et al., 2003).  
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Properties of the continuous phase were assumed to change just with changes of 
temperature at isobaric conditions. Viscosity and density of the air were found using 
Equation 4-8 assuming valid the ideal gas at atmospheric conditions. 
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Equation 4-8 
 
Deposition-Weighted Average Concentration  
During a rain event, the raindrop concentration changes with the precipitation 
rate and the atmospheric concentration of pollutants for each time instant. The bulk 
concentration of the rainwater collected is the result of the cumulative contribution of 
the wet deposition flux of all droplets in the DSD that have fallen to the ground during 
the time interval considered.  
The wet deposition flux for all droplets with diameter Dp Fw(t,Dp) (Equation  4-
9) should be equal to the droplet concentration C(h,t,Dp)at the ground level at a certain 
time and the intensity of rain for droplets of size Dp. 
( ) ( ) ( )pppw DtIDthCDtF ,*,,, =                                   Equation 4-9 
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The intensity of rain I(t,Dp) (Equation  4-10) for droplets of size Dp is given by 
the number of droplets NDdDp from the DSD, the water volume per spherical droplet Vp, 
and their settling velocity Ut(Dp). This parameter depends exclusively on the 
precipitation rate defining the DSD’s parameters.  
 ( ) ( ) ( ) ppDptpp dDDtNDUDDtI ,6, 3π=                        Equation 4-10 
    At any time the pollutant concentration in the bulk rain collected at ground level 
(z=h) is given by the deposition-weighted average concentration (Equation  4-11) over 
the raindrop size distribution (Hales, 2002).  
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The sum of all I(t,Dp) is equivalent to the total precipitation rate (Equation  4-
12) (Seinfeld and Pandis, 1998).  
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If the rain continues for a time interval ts at a constant precipitation rate then the 
bulk rain concentration (Equation 4-14) is given by:  
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Equation 4-15 
Gas Scavenging 
The reversible absorption/desorption of trace gas pollutants on droplet surfaces 
is commonly modeled using the film-theory approach, where the pollutants transfers 
through infinitesimal liquid and gaseous films at the interface limit establishing 
thermodynamical equilibrium. The resistance defining the mass transfer rate is assumed 
to be concentrated in the gas phase, where the transport occurs primarily by diffusion 
and convection (Hales, 1972).  The liquid-phase resistance is negligible compared to 
this due to well mixing conditions inside the drop given by shear forces on its surface. 
The overall mass transfer coefficient (KC) based on the gas-phase driving force is 
determined by the Frössling equation (Kumar, 1985).  The mass transfer coefficient 
(KC) defined for a droplet in motion by the Frössling equation (Frössling (1938) cited by 
Kumar, 1985):  
59 
( ) ⎟⎟⎠
⎞
⎜⎜⎝
⎛ +=+=⎟⎟⎠
⎞
⎜⎜⎝
⎛= 33 6.02Re6.02
gg
g
g
pgt
g
pC DUSc
DK
Sh
DD ρ
µ
µ
ρ
           Equation 4-16 
Sh is the Sherwood number and depends on the gas-phase mass transfer 
coefficient KC, the particle diameter and the gas diffusivity D g. Sc is the Schmidt 
number given in terms of the kinematic viscosity (µg / ρg) and the diffusivity D g of the 
gas. The Fuller-Schettler-Giddings correlation (Equation 4-17) was used to calculate 
gas diffusivity values in air. This correlation is recommended for non-polar gases in 
binary mixtures at low pressure and it has an associated error of 5.4% (Perry, 1999). 
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T is the temperature in K, MAB is the molecular weight of gas A in B, P is the 
pressure of gas B and ν is the atomic diffusion volume increment in cm-3 mol. The 
molar volume of A is considered additive in terms of the atoms comprising the 
molecule. 
If the aqueous concentration of the absorbed gas is represented by C(z,t,Dp), the 
one at the gas phase by Cg(z,t) and the gas concentration at the gas-liquid interface is 
Cgas-liq(z,t) then a mass balance over an horizontal plane of infinitesimal thickness δz 
(Kumar, 1985) is given by Equation  4-18: 
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At the gas-liquid interface, it is assumed that the concentration of the gas 
pollutant reaches equilibrium according to Henry’s law coefficient (Hc), and can 
therefore be expressed in terms of the dissolved gas concentration on the aqueous phase. 
When the dissolved dissociates in solution, Hc can be substituted by effective values of 
Henry’s constant (Hc*). The Henry’s law coefficient to be used in these equations must 
be in its dimensionless form, the ratio between the concentration of the species in the 
gas and liquid phases at equilibrium. 
( ) ( ) ( ) ( ) ( )⎟⎟⎠
⎞
⎜⎜⎝
⎛ −=∂
∂+∂
∂
c
gC
p
p
pt
p
H
tzCtzCK
Dz
DtzC
DU
t
DtzC ,,6
,,,,
                 Equation 4-19 
Equation 4-19 describes a reversible droplet-gas transfer driven by the 
concentration gradient between the droplet surface and the bulk gas concentration. A 
gas is considered reversible if it can be absorbed or desorbed at any time from the rain 
droplet because Cg(z,t) ~ Caq(z,t)/Hc. This is applicable to all gases with low to moderate 
Henry’s constants.  In the case of a gas for which absorption depends on pH, such as a 
weak acid or base, Hc can be substituted by its effective value (Hc*).  
 
From here, four possible approaches were considered:  
I. The gas behaves as an reversible gas and the gas concentration is uniform 
and time-independent, meaning it remains constant during the rain event and 
does not change with altitude (Cg(z,t) ~ Cg(z) ~ Cgo) 
II. The gas behaves as a reversible gas and the gas concentration is uniform but 
decreases exponentially with time during the rain event following a first-
order rate.  
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III. The gas behaves as an irreversible gas and the gas concentration is uniform 
and time-independent, meaning it remains constant during the rain event and 
does not change with altitude (Cg(z,t) ~ Cg(z) ~ Cgo) 
IV. The gas behaves as an irreversible gas and the gas concentration is uniform, 
but decreases exponentially with time during the rain event following a first-
order rate. 
All of these cases are approximations for the atmospheric real processes 
occurring during rain scavenging. During rain events, emissions do not stop and then 
the atmospheric system receives a constant input of the gaseous chemicals that is not 
accounted for in any of the four cases before. At the same time, gas-to-particle 
conversions could occur and, if so, an additional particle input should be accounted for. 
The case II was not considered in the performed calculations. In the absence of hourly 
gas concentrations of reversible gases at the Gandy monitoring site, no calculations 
could be done to describe gas scavenging under exponential decay of the gas 
concentration.  
Gas Scavenging With Reversible Absorption at Constant Gas Concentration  
If the pH and size of droplet is assumed to be constant during its fall from clouds 
the concentration on the aqueous phase for a droplet with diameter Dp can be obtained 
by rearrangement of Equation 4-19 under the assumption of an homogeneous and 
constant gas concentration:  
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Boundary and initial conditions are ( ) 0,0 =tC  or solute-free droplets, and 
( ) 00, =zC corresponding to a zero concentration with a zero contact time at any 
distance for a single droplet size. Applying a Laplace Transform on Equation 4-20 we 
have:  
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Substituting the boundary condition (0,t) equal to zero or solute-free droplets: 
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Separating in simple fractions and expanding the exponential term: 
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Applying the inverse Laplace Transform: 
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  When the droplet has fallen all the way to the ground from the base 
cloud at height h, its concentration is given by:  
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At any time the pollutant concentration in the bulk rain collected at ground level 
(z=h) is given by the deposition-weighted average concentration over the raindrop size 
distribution (Hales, 2002).  
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Gas Scavenging With Irreversible Absorption at Constant Gas Concentration  
In the case of very soluble gases such as ammonia or nitric acid, Hc is so large 
that ( ) ( ) cg HtzCtzC ,, >> . Such is the affinity of the gas to the aqueous phase that 
once the gas is absorbed; it dissociates to become a solvated species staying in solution 
if the pH level is kept under/over certain values. If this is the case the mass-transfer is 
said to be irreversible.  
Mass-transfer from an irreversible gas to the surface of a droplet of size Dp can 
be modeled by: 
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If the gas absorption proceeds on each droplet with no interference from droplets 
on the surroundings, and the gas concentration is assumed to be constant with changes 
in time and height during the droplet fall from the base cloud, the variation on the 
concentration of a droplet with diameter Dp can be described by:  
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Initial and boundary conditions were assumed to be C(0,t) equal to zero due to 
the lack of information about in cloud scavenging and C(z,0) equal to zero 
corresponding to a concentration with a zero contact time at any distance. 
65 
The linear partial differential equation of first order can be solved in two steps 
by Laplace transformation. Γ and Γ-1 are the symbols to represent the Laplace operator 
and the inverse operator of the Laplace transform. To solve Equation 4-31 we apply the 
Laplace transform: 
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The final solution is then found by applying the inverse Laplace operator as 
follows:  
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The ⎟⎟⎠
⎞
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⎛ −
tU
htU is the step function that is equal to zero at all times 
tU
ht < and 
equal to one when
tU
ht > . The gas concentration in this case is the measured 
concentration at the time the rain started and the final concentration of the rainwater 
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sample collected at the end of the rain event due the gas scavenging of the gas would be 
given by the time and deposition-weighted average concentration as is explained in the 
next section.  
 
Gas Scavenging With Irreversible Absorption and Exponential Decay of the Gas 
Concentration  
The gas concentration changes with time, because as soon as the rain starts, the 
pollutant is removed from the air, and if there are not additional inputs from emissions, 
its concentration should decrease with time after it is absorbed into the rain drops. The 
variation of the trace gas pollutant concentration CAg during the scavenging can be 
described applying the continuity equation (Equation 4-38). In the case of purely 
advective-diffusive transport, the first term on the right describes the net rate of addition 
in moles of A per unit of volume by convection, the second term describes the addition 
by diffusion, the third one w is the time rate of gain of pollutant mass in the liquid phase 
by scavenging and the last one represents the production of A by chemical reactions 
(Hales, 1972; Bird et al., 2002). 
AAA
gA rwJvC
t
C
g
+−∇−⋅−∇=∂
∂
.                 Equation 4-38 
In the absence of chemical production of A and if gas concentration is assumed 
to be variable just in one-dimension z (the height from the clouds to the ground), the 
Equation 4-38 can be written as: 
67 
( ) ( ) ( ) ( ) ( ) ( )2
0
, , ,
,g g
g g
A A p
A z g p C p D p A p
c
C z t C C D x t
C v D K D N D C z t dD
t z z z H
π
∞ ⎛ ⎞∂ ∂⎛ ⎞∂ ∂ ⎜ ⎟= − − − − −⎜ ⎟⎜ ⎟ ⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠∫D
Equation 4-39 
KC and gD are respectively the gas-diffusion coefficient and the overall mass-
transfer coefficient based on the gas-phase driving force, where C(Dp,z,t) is 
concentration of the aqueous phase and Hc is the dimensionless Henry’s constant based 
on molar concentrations.  
If the convective transfer is assumed to be negligible, the diffusion coefficient is 
assumed to be constant and the gas is considered as an irreversible gas 
( ) ( ) cg HtzCtzC ,, >>  and the equation becomes: 
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The term inside the integral is defined as the gas scavenging coefficient β. It depends 
only on the characteristics of the drop size distribution and the transport properties of 
the trace gas pollutant.  
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Initial and boundary conditions commonly assumed are represented by a one-
dimensional gas concentration profile, and negligible fluxes of the pollutant at the 
system boundaries: 
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The gas concentration determined by the solution of Equation 4-41 was 
presented by Kumar (1985) as: 
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If the initial condition is a uniform initial-gas-phase concentration profile then 
the solution can be simplified to: 
( )tCC ggA *exp0 β−=                 Equation 4-44 
 The concentration of the aqueous phase can be found by solving the Equation 4-
19 after the introduction of the exponential decay for the gas concentration. 
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Initial and boundary conditions were assumed to be C(0,t) equal to zero due to 
the lack of information about in cloud scavenging and C(z,0) equal to zero 
corresponding to a concentration with a zero contact time at any distance. 
For a single droplet diameter, the solution of the equation can be found applying 
Laplace Transform and then solving the first order linear differential equation. 
( ) ( ) ( )⎟⎟⎠
⎞
⎜⎜⎝
⎛ −Γ=⎟⎠
⎞⎜⎝
⎛
∂
∂Γ+⎟⎠
⎞⎜⎝
⎛
∂
∂Γ tCK
Dz
tzCU
t
tzC
gC
p
t βexp6,, 0                       Equation 4-46 
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The concentration on a droplet with diameter Dp is: 
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As it was said before, the ⎟⎟⎠
⎞
⎜⎜⎝
⎛ −
tU
htU is the step function that is equal to zero at 
all times 
tU
ht < and equal to one when
tU
ht > . The contribution of the gas scavenging 
to the final concentration of the rainwater sample collected would be given by the time 
and deposition-weighted average concentration, and the concentration Cg0 considered 
per interval is the gas concentration measured at the correspondent hour. 
Particle Scavenging 
The mass gained by droplets during particle scavenging depends exclusively on 
the number of particles dissolved by each droplet during its fall from the base cloud. 
Particle collection can occur by different mechanisms, but the most important ones are 
impaction, interception and Brownian diffusion. All three mechanisms are depicted in 
Figure 4-1.  In order to simplify collision modeling, all mechanisms are considered to 
be independent from each other.  Because not all particles surrounding a droplet can 
collide with its surface, rates of particle collection are described using the collision 
efficiency E(Dp,dp), which is defined as the ratio of total number of droplet/particle 
collisions to the total number of particles in an area equivalent to the droplet’s effective 
cross-sectional area . 
The collection model used in the particle scavenging calculations was proposed 
by (Slinn, 1977), and is based on the assumption that acceptable laws of physics are 
homogeneous in all dimensions (Weisstein, 1999) and can be described using a few 
number of dimensionless groups. All particle/droplet interactions can be described 
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through the following dimensionless groups: the Reynolds (Re), Schmidt (Sc), Stokes 
(St) numbers, the interception parameter (φ) (droplet/particle diameter ratio) and the ω 
is the ratio of air to water viscosity. The collision efficiency (E) can be seen as the sum 
of independent and additive effects from each mechanism (Equation 4-56).  
( ) ( ) ( ) ( )StEEScEStScE MND Re,,Re,Re,,,Re, ++= ωφφ            Equation 4-56 
ED, EN and EM are the collision efficiency for Brownian diffusion (Equation 4-
57), interception (Equation 4-58) and impaction (Equation 4-59). Brownian diffusion 
prevails over the other mechanisms when particles have an aerodynamic diameter < 0.2 
µm, while impaction dominates for particles larger than 1 µm (Figure 4-3). 
Rain Droplet
Dp+dp
Particle
Interception
Particle
Impaction
Particle
Brownian Diffusion
dp
 
Figure 4-1. Important Collection Mechanisms for Particles During Rain 
Scavenging. 
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During the droplet gravitational settling, the air establishes a flow field around 
the droplet which streamlines influence the particle motion. If the particle with diameter 
Dp has enough inertia to overcome the flowing forces on the streamlines, it will hit the 
drop surface and will be collected by the droplet. This collection process is called 
impaction and is a function of the Stokes number (Stk), defined as the ratio between the 
particle stopping distance and the droplet diameter. If the particle has negligible inertia, 
settling and Brownian motion, and it is moving following the streamlines in the 
interval ( )pp dD + , very close to the particle surface, it will intercept the particle surface 
and will be collected. This is the interception mechanism and it depends mainly on the 
ratio between the droplet and particle diameter (φ). It is the only one does not depend on 
flow velocity. The Brownian diffusion mechanism occurs when particles collide with 
the droplet surface during their random movement caused by bombardment of gas 
molecules (Hinds, 1999).  
The semi-empirical expression for ED assumes Stokes’ flow for a “solid” 
spherical droplet suspended in incompressible air where particles of negligible mass 
move toward their surface according the convective diffusion equation. This expression 
is more applicable when 60Re 2
1 ≅<< ω (Slinn, 1977).  
( ) ( )ScSc
Sc
ScED Re16.0Re4.01Re
4Re, 3 ++=                        Equation 4-57  
During interception a collision can occur only if the particle reaches the 
stagnation point or the droplet/particle axis of symmetry 222 φππ =pp Dd but the droplet 
boundary layer moves this contact point in a fraction approximate to 2
1
Re2~2 pD ; 
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therefore all collisions occurs in a distance from the droplet equivalent to 
( )21Re21+φ (Slinn, 1977). Thus, for a droplet with internal circulation EN can be 
defined as:    
( )⎥⎦⎤⎢⎣⎡ ++= Re2114 φωφNE                           Equation 4-58 
EM was based on the solution of dimensionless forms in terms of Stokes number 
for the continuity and momentum equation (no diffusion) for a particle immersed in 
potential flow.  The main characteristic of the EM model is the Critical Stokes number or 
S* below which there is no inertial impaction (Slinn, 1977). Special considerations must 
be done for systems with possible Stokes numbers over its critical value. The performed 
calculations assumed EM equal to zero for all collisions with Stokes numbers smaller 
than S*. 
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 Dimensionless numbers are defined as:  
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Equation 4-60 
  
The collision efficiency depends then on the droplet and the particle diameter. 
Smaller particles are more efficiently removed by smaller droplets than by bigger 
droplets. This can be seen in the deep slope of the surface shown as Figure 4-2.  
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Figure 4-2. Collision Efficiency Function in Terms of the Particle and Droplet 
Diameter. 
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Figure 4-3. Contributions of the Most Important Mechanisms to the Collision 
Efficiency.
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All possible collisions will occur inside a space called “collision” volume 
(Figure 4-4), delimited by the maximum contact volume swept by a particle/droplet 
system with diameter ( )pp dD +  moving at a velocity of ( ) ( )ptpt duDU − . The collision 
volume is then equal to ( ) ( ) ( )( )ptptpp duDUdD −+ 2π . 
 
 
Figure 4-4. Collision Volume for Particle/Droplet Systems. 
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If after a collision the particle is completely dissolved into the droplet, then the 
rate of mass collected by a droplet falling inside the control volume will be the mass of 
all particles suspended in it times the collision efficiency (Equation  4-61).    
( ) ( ) ( ) ( )( ) ( ) ( )∫∞ −+=
0
2 ,, ppppMptptpp
p dddDEtdnduDUdD
dt
DdW π           Equation 4-61 
nM is the particle mass number describing the mass concentrated in particles 
with diameter (dp) per unit of volume of air (m3) per unit size category (mm). 
Assumptions commonly made are that ( ) 22 ~ ppp DdD +  and that ( ) ( )ptpt duDU >>  
(Seinfeld and Pandis, 1998). In the absence of information about changes in the particle 
and droplet distribution during the rain event, it is necessary to assume that both 
distributions remain constant in time during the rain event.  
The concentration in rainwater is then expressed in terms of the water content 
collected for the entire rain event and the total particle mass scavenged by all droplets in 
the distribution. For rain events longer than 1 hr, this equation can be used 
approximating the whole event to a single one with the average precipitation rate: 
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Equation 4-62 
 
Equation 4-62 can be used for any substance because particle scavenging is 
mainly treated as a mechanical process.  
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To describe nM the lognormal size distribution was used (Equation  4-63). M 
represents the total aerosol mass collected as PM10, dgm is the geometric mean diameter 
and σ is the standard deviation. Lower and upper limits for particle sizes were chosen to 
be 0.01 and 10 µm. Based on experimental evidence from the Gandy Bridge site 
(Campbell, 2005)  
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NH4+, NO3-, Cl- and Na+ contents for samples from the Gandy Monitoring site 
have shown to follow lognormal distributions in function of the particle diameter. 
Prediction of particle size distributions of these species were successfully made by 
using a set of general parameters for dgm and σ determined by fitting experimental data 
(Table 4-1) (Poor et al., 2006; Campbell, 2005).   
Table 4-1. Parameters for Log-normal Size Distribution for PM10 Samples Collected at 
the Gandy Bridge Monitoring Site (Campbell, 2005). 
Substance Geometric Mean  of Particle 
Diameter (µm) 
Standard Deviation of Particle 
Diameter (σ) 
NO3- 3.5 1.90 
NH4+~ DON ~DMA 0.38 1.99 
Na+ 4.0 1.90 
SO4-2 0.48 2.4 
Cl- 4.80 1.80 
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The scavenging process can also be treated as the sum of many first-order 
processes describing the particle collection for all possible particle diameters. In this 
case, the total particle removal due to interactions with droplets is determined by the 
scavenging coefficient, this defines the rate (time-1) at which particles with diameter dp 
are removed for all droplets in a rain event with a precipitation rate po.   
( ) ( ) ( ) ( ) ppDppptpp dDDNdDEDUDd ,4 20∫
∞=Λ π              Equation 4-64 
 
Because the particle collection by droplets is just seen as a mechanical process, 
all equations described here are applicable to nitrate and ammonium particle contents. 
For a particle with diameter dp, its scavenging by rainwater can be approximated to a 
first-order linear process with a constant rate equal to Λ(dp). All possible droplets in the 
DSD that can effectively collide with the particle dp cause a decrease in its mass 
concentration according to this relation: 
( ) ( ) ( )tdnd
dt
tddn
pMp
pM ,
, Λ−=                Equation 4-65 
 
If the precipitation rate po remains constant during the rain event the scavenging 
coefficients do not change. This expression indicates two possible cases, time-
independent or variable particle mass distributions (particle concentration), as it was 
seen for gases.  
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Particle Scavenging at Constant Particle Concentration 
If even when the particles are removed from the air by droplets, gas-to-particle 
conversion processes and particle emissions were able to keep constant particle 
concentrations during the rain event, the total particle scavenging rate would be defined 
by all first-order scavenging processes of all particles in the particle size distribution. 
The rate of particle removal or decrease in the aerosol concentration would be equal to: 
( ) ( ) ppMopaerosol dddnpddtdW ∫
∞Λ−=
0
,
                        
Equation 4-66
 
If it assumed that the precipitation rate remains constant during each one-hour 
rain interval then the particle scavenging coefficients remain constant and the total 
aerosol mass lost in an time interval 0ttt s −=∆  where 00 =t  becomes equal to the 
mass scavenged. This is equal to:  
( ) ( ) sppMopaerosolpscavenged tdddnpdtdtdWW ⎥⎦
⎤⎢⎣
⎡ Λ=∆= ∫
∞
0
,                       Equation 4-67 
   The rainwater concentration due to the particle scavenging for one rain event 
with n one-hour intervals should be equal to the total mass scavenged and the total 
water volume of all droplets collected at the ground level.  
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Particle Scavenging With Exponential Decay of the Particle Concentration 
The previous case considers that particle concentration remains constant during 
the whole rain event, but in the absence of gas-to-particle conversion or other particle 
sources, particle concentrations should decrease in time according to the exponential 
decay defined by the scavenging coefficient rate for each particle size of the particle 
size distribution. 
For a specific particle size dp, the exponential decay of its particle concentration 
during a rain event of duration  0ttt s −=∆  duration where 00 =t   is given as:   
( ) ( ) ( )( )sopMpM tpdtntdn *,exp, 0 Λ−=               Equation 4-69 
This equation also defines how many particles of diameter dp remain suspended 
in the air after a scavenging process of 0ttt s −=∆  duration where 00 =t  at a removal 
rate of ( )op pd ,Λ . The total rate of loss of aerosol mass that is equal to the mass gained 
by rainwater droplets is the sum of decrements in the concentration of particles with all 
possible aerodynamic diameters: 
( ) ( )( ) pt sopMopaerosolpscavenged dddttpdnpdtdtdWW o∫ ∫
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( )( )( ) psopMpscavenged ddtpdnW o∫∞ Λ−=
0
*,exp1               Equation 4-71 
For a rain event longer than 1 hour with different precipitation rates per hour, 
calculations were done in 1-hr interval using the particle concentration remaining as the 
initial particle concentration of the period. The total decrease in the particle mass by 
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scavenging after all n rain intervals is determined adding all differential changes as 
follows: 
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The concentration of the rainwater sample collected at the end of the rain event 
is equal to the volume weighted concentration in terms of the total volume of water 
droplets collected for each period of rain.  
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Scavenging Coefficients Used in Community-Scale and Mesoscale Air Quality 
Models 
In air quality models, all the variables related with mass-transfer and chemical 
reactions must be averaged for the range of variation of the meteorological conditions. 
Average scavenging coefficients, determined for a specific precipitation rate for 
example, are used to describe the contribution of the gas and particle scavenging 
processes in events with different precipitation rates.  
The variables more commonly used in the models are the gas scavenging 
coefficient, the mean mass particle scavenging coefficient, and the normalized particle 
scavenging coefficient. Equations 4-74 and 4-75 show the definition of the gas 
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scavenging coefficient and mean particle scavenging coefficient, the latter accounts for 
the size effect on the particle collection process.  
The problem in the use of average values for scavenging properties is their 
dependency on the precipitation rate. That difficulty can be circumvented by 
normalizing the scavenging coefficients by the precipitation rate. The Equation 4-76 
shows the average normalized particle scavenging coefficient.  
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5. ESTIMATION OF THE GAS AND PARTICLE CONTRIBUTIONS TO 
WET DEPOSITION OF DISSOLVED ORGANIC NITROGEN  
Introduction 
As it was shown in previous chapters dissolved organic nitrogen (DON) is 
present in particulate matter (PM2.5 + PM10-2.5 = PM10) and it was found that DON 
contributed 10.1 ± 5.7% of the total dissolved nitrogen (TDN=DIN+DON). DON 
recovered from fine particles represented an average of 79.1 ± 18.2% of the total 
organic nitrogen found. The existence of DON in particles suggested the DON presence 
in rainwater samples.  
To improve estimates of wet deposition fluxes over Tampa Bay, DON and DIN 
concentrations were measured in PM2.5, PM10-2.5, and rainwater samples collected at a 
bayside monitoring site between July-September 2005. Samples collected during rain 
episodes were used to estimate particle and gas scavenging rates of nitrogen species. 
The simultaneous collection of samples aids in understanding the phase partitioning of 
species and in evaluating possible sources through the presence of similar species in 
both samples. 
Although a complete chemical characterization of the DON was not available, it 
was possible to identify the presence of dimethylamine (DMA) in the aqueous extracts 
from the PM2.5 samples. Under the assumption of vapor-liquid equilibrium between the 
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atmosphere and the liquid content of particles, the DMA gaseous concentrations were 
estimated and used to estimate the contribution of the gas scavenging to the DON 
rainwater concentrations.  
 
Experimental Methods 
Field Sampling and Sample Processing 
Aerosol and rainwater were collected during rain events on July-September 
2005 at an atmospheric deposition monitoring site adjacent to Tampa Bay at the eastern 
end of the Gandy Bridge (Figure 1-1) in Tampa, Florida (27.78 oN, 82.54 oW).  24-hr 
integrated PM2.5 and PM10–2.5 samples were collected by a Ruppretch-Patashnick 
Dichotomous Partisol-Plus Model 2025 sequential air sampler (Appendix B) following 
the same procedures described in the second chapter.  
Rainwater samples were collected using a precipitation-only rainwater collector 
(Aerochem Metrics, Inc.) and accumulated for the 24-hr period of aerosol collection. 
Field and lab blanks consisted of DDW from a clean unexposed collection vessel taken 
to the site or prepared in the lab and poured into amber glass bottle after volume 
measurement. All rainwater and aerosol samples and blanks were stored at 4 oC until 
analysis. Details about sample and blank preparation can be found in the second 
chapter.  
Precipitation rates, time of occurrence and duration of rain events were found by 
simple averaging of hourly data per sampling day measured at the site and provided by 
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the Environmental Protection Commission of Hillsborough County (Florida). Base 
cloud height and other meteorological data were obtained as hourly surface weather 
observations from the Tampa International Airport available at the National Climatic 
Data Center website (www.ncdc.noaa.gov/servlets/ULCD). 
 
Laboratory Analyses 
NH4+, Na+, Cl-, NO2-, and NO3- were determined using ion chromatography with 
the same procedures explained in the second chapter. Dimethylamine (DMA) was 
determined using a gradient separation method define in the literature (Rey,2001) in a 
IonPac® CS16 analytical column (4 x 250 mm) kept at 40 oC and a CSRS-Ultra II 4-
mm suppressor with a methanesulfonic acid (MSA) aqueous solution as eluent.  
Calibration curves were made from dilutions with DDW of individual 1000 mg 
l-1 NH4+, Na+, Cl-, NO2-, and NO3- standard solutions (UltraScientific, Inc), while check 
standards were prepared from 100 mg l-1 anion (Cl-, NO2-, NO3-, PO4-, SO4-2) and cation 
(Na+, NH4+, K+, methylamine, dimethylamine, trimethylamine, diethanolamine, 
triethanolamine, Mg+2, and Ca+2) mixtures (Inorganic Ventures, Inc.).  Check standards 
were run after every ten samples and were within 5% of their prepared concentrations 
(within 10% for concentrations near the DL).  
Dissolved organic nitrogen was determined using the UV-photolysis method at 
the optimal conditions defined in the second chapter. The reactor performance was 
checked by irradiation of mixtures of cations and/or amines at known concentration 
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levels much higher than those expected from samples. Conversion values ranged from 
75 to 98%.  
NO2- concentrations were under its detection limit for all samples.  For all ionic 
species, including the protonated DMA, the detection limit (DL) was defined according 
to the method detection level (MDL) definition. The method uses a solution with the 
matrix of interest prepared to be in the range of one to five times the calculated MDL. 
The solution concentration was measured seven times randomly over a period of at least 
3 days, and the MDL is defined as the standard deviation of the replicates times the t-
value from a one-side t-distribution with six degrees of freedom at a 99% confidence 
level (APHA, 1998). Detection limits were 7 ppb, 9 ppb, 7 ppb and 100 ppb for NH4+, 
NO2-, NO3- and DMA, respectively. The DON detection limit was 1.6 µM-N and was 
defined as three times the standard deviation of DON levels in blanks (Calderón et al., 
2006a).   
DIN and DON Concentrations and Wet Deposition Fluxes 
Precipitation events during July-September 2005 at the Gandy Bridge 
monitoring site were variable with an average precipitation rate of 7.0 ± 10.7 mm hr-1.  
The average dry bulb temperature was 27.9 ± 1.0 oC. There were 34 rain events 
recorded at the Tampa International Weather Station during the months from July to 
September 2005 with an average rate of 0.1± 0.06 mm hr-1. At the Gandy Bridge 
monitoring site, 12 precipitation events were studied and showed an average 
precipitation rate of  7.0 ± 10.7 mm hr-1. The volume of rainwater samples was variable 
ranging from 40 to 2000 ml, and there was expected to see sample evaporation because 
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samples were kept in the collector until the daily pick-up. Evaporation may have 
concentrated the analytes for small sample volumes.  
Concentrations for Na+, Cl-, NO3-, NH4+, DIN (DIN= NH4+ + NO3-+ NO2-) and 
DON) in rainwater and PM10 from 24-hr integrated samples collected during rain events 
are shown in Table 5-1 and Figure 5-1. 
 
Table 5-1. Experimental Concentrations of 24-hr Integrated Aerosol (PM10) and 
Rainwater Samples Collected at the Gandy Bridge Monitoring Site, Tampa, FL. 
 
 Rainfall Concentration (µM-N) PM10 Concentration (nmol-N m-3) 
RAIN EVENTS Cl- NH4+ NO3- DIN DON Cl- NH4+ NO3- DIN DON
07/20/2005 36.2 15.6 34.0 49.7 7.0 49.5 39.0 14.4 53.3 5.1 
07/24/2005 34.6 11.9 24.1 36.0 10.2 47.2 116.1 13.7 129.7 7.3 
08/06/2005 55.6 8.2 19.1 27.4 3.2 42.4 15.2 12.3 27.5 9.5 
08/07/2005 23.2 5.5 12.4 17.9 B.D. 34.4 12.6 9.6 22.2 6.5 
08/08/2005 26.0 8.1 15.1 23.2 B.D. 27.3 43.5 9.3 52.8 5.6 
08/09/2005 17.6 8.4 26.0 34.4 2.5 2.9 155.4 10.6 166.0 11.5 
08/22/2005 58.5 25.0 105.3 130.3 7.2 15.3 167.9 11.3 179.2 7.1 
08/23/2005 17.2 19.4 48.7 68.1 2.7 10.9 81.7 11.8 93.5 6.4 
08/24/2005 61.0 20.4 127.1 147.4 4.1 28.5 17.9 16.0 33.9 2.9 
08/28/2005 59.1 11.5 15.2 26.7 2.7 34.3 25.1 10.9 36.0 5.0 
09/01/2005 45.5 11.9 28.6 40.5 3.1 24.3 54.6 14.1 68.8 3.0 
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 After analyses, it was found that NH4+ represented 29.0 ± 7.8% and NO3- 71.0 ± 
7.8 % of the DIN measured in rainwater samples. DIN and DON average concentrations 
were 54.7 ± 44.0 µM-N and 4.7 ± 2.7 µM-N, and DON represented 8.9 ± 5.8 % of the 
total dissolved nitrogen (TDN = DIN + DON).  In contrast, NH4+ represented 75.8 
±15.4 % and NO3- 24.2 ±15.4 of the DIN in PM10 samples. In aerosols, the DON 
represented 10.3 ± 7.3 % of the TDN.  
Wet deposition flux (Fwet,i, kg-N ha-1 yr-1) was calculated as the product of the 
volume-weighted average concentration (Cvwa,i, mg l-1) and the average rainfall amount 
(D, mm day-1) (Equation  5-1), where 10-2 is a units conversion factor. VWA 
concentrations for NH4+, NO3- and DON were equal to 8.9, 20.3 and 2.16 µM-N, 
respectively; and the average rainfall amount for July and August 2005 was 3.06 mmd-1.      
( ) ( ) ( ) 2, 10−−⋅− ⋅⋅−= daymmLNmgidayhaNkgiwet DionConcentratVWAF                   Equation 5-1 
 Estimated wet deposition fluxes for NH4+, NO3- and DON were 1.40, 3.18 and 
0.34 kg-N ha-1 yr-1, respectively, for individual contributions of 28%, 65% and 7% to 
the total nitrogen loading from wet deposition, which was equal to 4.91 kg-N ha-1 yr-1. 
Poor et al. (2001) estimated for 1996-1999 average annual fluxes of 1.74 and 2.40 kg-N 
ha-1 yr-1 for NH4+ and NO3-, respectively.  
In aerosol samples (PM10) collected during rain events, NH4+ constituted 75.8 ± 
15.4 % of the DIN, and average concentrations of DIN and DON were 78.5 ± 56.2 
nmol-N m-3 and 6.3 ± 2.6 nmol-N m-3, respectively. In particles, DON represented 
approximately 10.3 ± 7.3 % of TDN.  
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Figure 5-1. Composition of Rainwater and Aerosol Samples Collected on the Gandy Monitoring Site During July-August 2005. 
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Details about the composition of fine and coarse particles are shown in Table 5-
2. Aerosol samples revealed that on average, 97.0 ± 2.8 % of the total NH4+ was in the 
fine fraction, and 80.7 ± 3.4 % of the NO3- was in the coarse particle fraction. Of the 
DON measured in aerosols, 68.0 ± 17.0% was in the fine particle fraction. Average 
concentrations of DIN in PM2.5 and PM10-2.5 samples were 77.9 ± 63.4 nmol-N m-3 and 
12.3 ± 5.2 nmol-N m-3, respectively; and average values for DON in the same fractions 
were 5.1 ± 2.9 nmol-N m-3 and 2.6 ± 0.8 nmol-N m-3. Measurements at the same site 
from March-April 2005 showed similar tendencies (Calderón et al., 2006c). These 
integrated measurements also agree with size-fractionated measurements made at the 
same site (Campbell et al., 2002; Evans et al., 2004).   
 
Table 5-2. Composition of PM10 Samples from the Gandy Bridge Monitoring Site, 
Tampa, FL, July-September 2005. 
Average Concentration ± Standard Deviation PM2.5 PM10-2.5 
Na+(nmol m-3) (n=19) 7.8 ± 8.5 30.8 ± 28.9 
Cl-(nmol m-3) (n=19) 1.0 ± 2.0 27.7 ± 23.9 
DIN-NH4+(nmol-N m-3) (n=19) 75.4 ± 64.6 1.5 ± 1.0 
DIN-NO3-(nmol-N m-3) (n=19) 2.5 ± 1.7 10.8 ± 5.1 
DIN(nmol-N m-3) (n=19) 77.9 ± 63.4 12.3 ± 5.2 
DON(nmol-N m-3 ) (n=19) 5.1 ± 2.9 2.6 ± 0.8 
DMA(pmol  m-3) (n=17) 688 ± 615 b.d. 
DMA/DON (%) (n=17) 12.8 ± 6.7 - 
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Dimethylamine (DMA) was observed in aqueous extracts from PM2.5 and PM10-
2.5 samples, but could be quantitatively measured only in fine particles. Minimum and 
maximum values were, respectively, b.d. and 1911 pmol-N m-3, with an average 
concentration of 688 ± 615 pmol-N m-3 (n=17), representing an average contribution of 
12.8 ± 6.7 % to the total DON concentration measured in the same particle fraction. 
DMA concentrations were under the detection limit for all rainwater samples. Although 
the gradient concentration used in ion chromatographic analyses allowed separation of 
methylamine, dimethylamine, trimethylamine and diethanolamine, only DMA was 
detected. Because DMA is a very volatile substance and it was found in an appreciable 
quantity on fine particles, it was assumed to represent an important fraction of DON in 
the gas phase.  
Estimation of Dimethylamine (DMA) Gas Concentrations 
In the absence of experimental data, DMA gas concentrations were estimated by 
assuming vapor-liquid equilibrium between the aqueous film on fine particles and the 
enveloping gas. Thermodynamic data and vapor-liquid-solid equilibrium relations for 
the NH4+/SO4-2/NO3-/H+/H2O system are integrated in the AIM 2 model (Clegg et al., 
1998).  NO3- was excluded from the equilibrium calculations because experimental 
studies have found that in Tampa, FL, nitrate is present as a coarse particle (Campbell et 
al., 2002; Evans et al., 2004). 
In the simple calculation option, AIM 2 is able to calculate composition and 
mass of all possible liquid, solid and gas phases for given values of relative humidity, 
temperature and number of moles of nitrate, hydrogen ions, sulfate and ammonium 
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present in a unit of air volume (Clegg et al., 1998). In this case, measured 
concentrations of ammonium and hydronium ions were input to the model; sulfate 
concentration was assumed to be half of sum of the ammonium plus hydronium 
concentration to balance electrical charges. The H+ concentration was determined using 
the pH of PM2.5 extracts and the volume of sampled air. The formation of solids was 
avoided in order to describe better those meta-stable conditions of supersaturated 
aqueous aerosols expected to exist at high relative humidity values such as those 
occurring just before and during a rain event.  
DMA concentrations in the liquid phase (water in fine particles) were calculated 
using the AIM-2 predicted water content for a certain set of conditions.  As a rough 
estimate, activity coefficients for DMA and water were assumed to be independent of 
electrolyte concentrations and were determined using the Non-Random Two-Liquid 
(NRTL) model with temperature independent parameters.  
Considering the gamma-phi approach the vapor-liquid equilibrium is reached 
when at the same temperature and pressure, the fugacity of each species is the same in 
both phases Li
v
i ff ˆˆ = . Fugacities on vapor and liquid phases can be written as: 
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                                                                                                  Equation 5-2 
Where γi is activity coefficient of species i in solution, xi is the molar fraction of 
species i in the liquid phase, fiL is the fugacity of pure species i in the liquid phase, Viφ) is 
the fugacity coefficient for species i in the vapor phase; yi is the molar fraction of 
species i in the vapor phase, and P is the total pressure. When the pressure is low (under 
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3 atm in most of the cases), the fugacity coefficient Viφ)  is approximately equal to one, 
and Lif can be approximated to the vapor pressure of the pure compound; therefore the 
molar concentration of species i in the gas phase can be written: 
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NRTL parameters for the dimethylamine (1)- water (2) system at 298.15 K have 
been estimated to be A12=-615.7161, A21=518.7172 and α12=0.3062 for R=1.98721 
cal/mol/K. Vapor pressure of pure substances was calculated using Antoine’s 
expression (Equation 5-5) with constants indicated in Table 5-3 (Gmehling et al., 1977).  
cT
baPsat +−=log         Equation 5-5 
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Table 5-3. Antoine’s Constant to Calculate Vapor Pressure of Pure Substances (T in oC, 
P in mmHg) (Gmehling et al., 1977). 
Antoine’s constant a b c Region (oC) 
Dimethylamine 7.0812 960.242 221.667 [-71; 7] 
Water 8.07131 1730.63 233.426 [1; 100] 
 
Predicted gas-phase concentrations ranged from 17.3 to 502.9 pmol-N m-3, for 
an average of 107.4 ± 176.9 pmol-N m-3. The estimated and measured values for DMA 
aerosol and gas concentrations are on the same order of magnitude as those measured 
for atmospheric samples collected over the Arabian Sea. For this maritime environment, 
the minimum and maximum aerosol concentrations in the first sampling period were 
equal to 23 and 96 pmol m-3, respectively, with an average of 45 pmol m-3; and 81 and 
379 pmol m-3 with an average of 241 pmol m-3 in the second sampling period. 
Minimum and maximum gas concentrations were 16 and 65 pmol m-3 in the first 
sampling period, and 50 and 870 pmol m-3 for the second sampling period. Average 
gaseous concentrations were 39 and 196 pmol m-3 for first and second sampling periods, 
respectively (Gibb et al., 1999a). Van Neste et al. (1987) observed similar magnitudes 
of DMA gaseous concentrations on atmospheric samples from Island, USA and Hawaii, 
USA, in which the average concentrations were 93 ± 51 and 240 ± 40 pmol m-3.  Air 
samples in southern Sweden showed a total amine concentration range from 160-2,800 
pmol m-3 with DMA values ranging from 23 to 310 pmol m-3 and MA and TMA as the 
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largest contributors with concentrations from 46 to 1,500 pmol m-3 (Gronberg et al., 
1992). Aliphatic amines are short-range transport species with a short lifetime of 1-5 
days (Angelino et al., 2001; Neff et al., 2002) due to their very high reactivity towards 
the OH radical (Schade and Crutzen, 1995). This suggests that the presence of DMA in 
the samples is due to local sources.  
 
Particle and Gas Scavenging Contributions  
To gain an understanding about droplet/particle interactions and their influence 
on wet deposition fluxes, particle and gas scavenging rates for species were calculated 
using DON and DMA concentrations for samples from the Gandy Bridge monitoring 
site. Gas scavenging rates for dimethylamine were calculated using a value of Hc of 57 
M/atm at 298.15K  and ∆H/R (K) equal to 4000 K (Sander, 1999). 
DSDs for the inorganic species were assumed to follow lognormal distributions 
as a function of the particle diameter. Using data from the same monitoring site, 
prediction of particle size distributions of these species were successfully done by 
fitting experimental data to find the best parameter values of dgm and σ (Table 4-1) 
(Campbell, 2005). It was assumed that the DON size distribution was identical to the 
one for NH4+, because fine particle DON and NH4+ were well correlated (r= 0.831, 
n=45, Figure 5-3).  
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Figure 5-2. Dissolved Organic and Inorganic Nitrogen Concentrations from PM2.5 
Samples Collected at the Gandy Bridge Monitoring Site Between November (2004) to 
September (2005).                
 
DMA was considered as a reversible gas with a Henry’s constant of 57 M atm-1 
at 298.15 K. In the absence of better information about DMA gas concentrations, the 
gas scavenging contribution was calculated assuming constant gas concentration during 
the rain events. Non significant differences between the particle scavenging results were 
found when the particle concentrations were considered constant or variable during the 
rain events. Low particle scavenging coefficients for NH4+-enriched particles caused 
this result.  
Calculation routines to solve equations for scavenging rates were programmed 
using Matlab® as the programming language. Double integrals were solved using the 
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Simpson-composite rule with δdp=(dpmax-dpmin) 1000-1, while simple integrals were 
solved using the quadl (Lobbatto-quadrature) function with a tolerance level of 10-16.  
Non-significant changes were seen for results when the tolerance level and δdp values 
were decreased from the selected values.  
By using the lognormal distribution (L), the Massambani-Morales gamma 
distribution (MM) and the modified Marshall-Palmer distribution (MP), the effect of the 
DSD on the final estimated rainwater concentrations was quantified. ANOVA studies 
showed a non-significant effect of DSD over estimated concentrations for all species, 
likely because particle scavenging depends more on the droplet/particle size ratio that 
influences collision efficiencies and in the particle concentration than on the number 
and size of droplets available to collect particles.  Particle scavenging of DON 
explained 0.9 ± 0.2% of the nitrogen in rainfall (Table 5-3).  
Fine particles are poorly scavenged due to low collision efficiencies, even in the 
presence of a high number of large droplets. This is especially evident for species such 
as NH4+ and DON which were assumed to be concentrated on particles with a diameter 
mode of  0.4 µm. Collection efficiencies are minimal for particles between 0.1 and 1 
µm in diameter (Seinfeld and Pandis, 1998).  Because 99% of DON concentrations in 
rainwater remained unexplained, it was assumed that the organic nitrogen wet 
deposition flux is the consequence of gas scavenging.  
Due to the presence of DMA in extracts from fine particulate matter, it is 
suggested that an important fraction of DON could be composed by aliphatic amines of 
low molecular weight. DMA is not released individually from natural sources and is 
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usually found in correlation with other very volatile aliphatic amines such as 
methylamine, trimethylamine, diethanolamine (Schade and Crutzen, 1995), therefore, it 
is logical to assume that these other species were present in atmospheric concentrations 
not detectable by the performed  method. None of these species could be identified in 
rainwater samples. Scavenging calculations for DMA showed predicted rainwater 
concentrations were below the defined analytical detection levels.  
 
To quantify the contribution of DMA, gas and particle DMA scavenging rates 
were estimated, assuming that DMA followed the same size distribution as NH4+. The 
average modeled DMA contribution to DON concentration in rainwater was 0.4 ± 0.7%. 
DMA particle scavenging accounted for 11.7 ± 7.1% of the contribution from DON-
particle scavenging. Because MMA and TMA have chemical properties (Henry’s 
constant, gas diffusivity, etc.) similar to DMA, they likely have similar gas scavenging 
rates, especially if the particle-gas system is at vapor-liquid equilibrium. A simple and 
logical conclusion is that gaseous organic nitrogen species, different from aliphatic 
amines, are responsible for 99.5% of DON rainwater concentrations.  
 
 Table 5-4. Average Dissolved Organic Nitrogen (DON) and Dimethylamine (DMA) Concentrations in Rainwater Concentrations 
Predicted by Particle Scavenging Using the Average of Three Different Drop Size Distributions. 
 
    DON DMA 
Day 
ts 
(hr) 
po 
(mm/hr) 
T(oC) 
Rainwater 
concentration 
explained by 
particle 
scavenging 
(µmol-N L-1) 
% 
Concentration 
explained by 
particle 
scavenging 
Rainwater 
concentration 
explained by 
particle and gas 
scavenging 
(µmol-N L-1) 
% DON 
concentration 
explained by DMA 
particle and gas 
scavenging 
%DMA 
Contribution to 
DON-
Rainwater 
concentration 
explained by 
particle 
07/20/2005 
1 8.9 29.0 0.021 ± 0.001 0.30± 0.01 - - - 
07/24/2005 3 3.0 27.2 0.036 ± 0.005 0.35 ± 0.05 - - - 
08/06/2005 3 7.6 26.6 0.041 ± 0.002 1.29 ± 0.06 0.0102±0.0005 0.322±0.013 20.7 
08/07/2005 1 38.1 26.1 - - 0.0014±0.0001 0.126±0.011 - 
08/08/2005 4 8.6 27.2 - - 0.00281±0.0001 2.189±0.082 - 
 Table 5-4 (continued) 
    DON DMA 
Day ts(hr) 
po 
(mm/hr) 
T(oC) 
Rainwater 
concentration 
explained by 
particle 
scavenging 
(µmol-N L-1) 
% 
Concentration 
explained by 
particle 
scavenging 
Rainwater 
concentration 
explained by 
particle and gas 
scavenging 
(µmol-N L-1) 
% DON 
concentration 
explained by DMA 
particle and gas 
scavenging 
%DMA 
Contribution to 
DON-
Rainwater 
concentration 
explained by 
particle 
08/09/2005 1 2.5 28.4 0.058 ± 0.009 2.29 ± 0.34 0.0051±0.0007 0.202±0.029 6.7 
08/22/2005 3 0.6 28.2 0.050 ± 0.015 0.58 ± 0.14 0.0060±0.0019 0.095±0.026 10.5 
08/23/2005 1 2.5 28.2 0.030 ± 0.005 1.21 ± 0.18 0.0022±0.0003 0.083±0.012 5.18 
08/24/2005 1 0.8 29.0 0.017 ± 0.004 0.42 ± 0.11  - - 
08/28/2005 1 2.3 28.5 0.026 ± 0.004 0.94 ± 0.15  - - 
09/01/2005 2 2.5 28.7 0.015± 0.002 0.49 ± 0.07 0.0032±0.0005 0.102±0.015 15.9 
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In the case of DIN, particle scavenging calculations (under the assumption of 
constant particle concentration) explained 3.02 ± 2.9 % and 85.9 ± 38.9 % of the NH4+ 
and NO3- concentrations in rainwater, respectively.  The average precipitation rate per 
rain event was used instead of the hourly-values of these variables. In the case of NO3- 
it is interesting to highlight that particle scavenging is responsible for almost all its 
concentration in rainwater samples. This agrees with the fact that nitric acid from NOx 
transformations tends to react with NaCl from sea spray to form NaNO3 leaving then 
only a small fraction of free gas to be scavenged by raindrops. (Calderón et al.,2006c) 
showed that gas scavenging rates for NH3 and HNO3 can be added to NH4+ and NO3- 
particle scavenging rates to explain ~100% of their ionic concentrations in rainwater 
samples.  
Summary 
DON represented 8.9 ± 5.8% of the total nitrogen concentration in rainwater 
samples and its estimated annual flux was 0.34 kg-N ha-1 yr-1 or ~7% of the total rainfall 
nitrogen flux. Dimethylamine (DMA) was found in fine particulate matter and 
represented ~13% of DON found in this fraction. Its concentration in particles and the 
corresponding equilibrium gas concentration explained through scavenging processes 
just ~0.4% of the DON measured in rainfall. Gas scavenging of DON is assumed to be 
responsible for 99% of its wet deposition flux, and gas-phase organic nitrogen, 
including DMA, likely contributes to the dry deposition of nitrogen to Tampa Bay. 
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6. ESTIMATION OF THE PARTICLE AND GAS SCAVENGING 
CONTRIBUTIONS TO WET DEPOSITION OF INORGANIC 
NITROGEN  
Introduction  
The main forms of DIN species found in rainwater are NO3- and NH4+ ions, and 
this part of the study is focused in explaining their concentrations in rainwater using gas 
and particle scavenging rates. The goal is to understand better the contribution of gas 
and particle nitrogen species to the measured wet deposition flux of nitrogen, to explore 
the uncertainty associated with common assumptions applied to below-cloued 
scavenging models, and to obtain scavenging coefficients for use with the air quality 
models.  
Hourly-measured gas concentrations and 24-hr integrated PM10 concentrations 
were used in conjunction with a below-cloud scavenging model to explain ammonium 
and nitrate concentration in rainwater samples collected at the Gandy Bridge monitoring 
site, FL. All rain events were treated as if they were composed by one-hour intervals 
with a precipitation rate constant and equal to its hourly average value. 
During scavenging, gas and particle concentrations not only change due to the 
interactions with the droplets, but also by direct emissions from industrial sources, gas-
to-particle conversion, chemical reactions (e.g. NOx transformation to HNO3), diffusive 
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and convective transport, etc. Many models have been proposed to describe such a 
complicated atmospheric process in order to predict and/or explain rainwater 
concentrations. Air pollutant scavenging models vary in complexity from the simple 
model based on the ratio of rainwater to air concentration (Samara and Tsitouridou, 
2000) to the two-dimensional description of the in-cloud and below-cloud scavenging 
with detailed cloud, rain and particle microphysics (Wurzler, 1998). The model 
applicability depends on the available data and computational tools.  
Below-cloud scavenging models can be classified into four groups by 
complexity. A first group of models uses the concept of scavenging ratio (SR) or the 
ratio between the concentration of a chemical species in rainwater (Crain) to its 
concentration in the particle phase (Cparticle). SR is usually defined as 
air
particle
rain
C
CSR ρ×⎟⎠
⎞⎜⎝
⎛= , a dimensionless quantity where ρair is the air density. The 
implicit assumption is that particle and rainwater are directly and exclusively related 
(Samara and Tsitouridou, 2000). Scavenging ratios can help to identify those species 
that are preferentially removed from the atmosphere and can be used to predict 
concentration in one of the phases in terms of the other. Because of their simplicity and 
the lack of agreement in the requirements for the determination of the concentrations, 
SRs are poor predictors of actual rainfall concentrations(Casado et al., 1996; Samara 
and Tsitouridou, 2000). SRs can vary several orders of magnitude even for the same 
species during the same rain event at the same site; these variations are the 
consequences of changes not considered inside the SR-model such as changes in the 
rain intensity, different particle size distribution (PSD) and drop size distributions 
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(DSD), convective and diffusive transport, concentration vertical profile etc. In the 
absence of strong gas scavenging contributions to the rainwater concentration, SRs 
should higher for water-soluble species present in coarse particles such as Ca, Na and K 
than for SO4-2 and NO3- usually present in fine particles (Casado et al., 1996; Samara 
and Tsitouridou, 2000). SRs are useful as qualitative indicators of the characteristics 
and contributions of the scavenging process occurring at a certain monitoring site, but 
they cannot be used to predict accurately rainwater concentrations.  
At the next level of complexity, models include experimental determination of 
scavenging coefficients that are dependent on both the scavenged species and the 
rainfall intensity (Mizak et al., 2005; Maria and Russell, 2005; Pandey et al., 2002; 
Minoura and Iwasaka, 1997). They require continuous rainwater, gas and aerosol 
sampling to determine the variation of the chemical composition in the rainwater at 
small time intervals after the rain has started. Exclusionary criteria such as high or gusty 
winds or low rainfall rates have been applied to experimental data to improve the 
overall validity of the derived scavenging coefficients. Measurements are selected from 
the experimental set and used in the calculation if they satisfy the requirements of stable 
atmospheric conditions under which the effects of convective and diffusive transport as 
well as direct emissions from sources are much smaller and do not significantly 
influence the concentration changes in the rain droplets. Stable atmospheric conditions 
have been set to be rain intensity below 15 mm hr-1, wind speed below 2.5 m s-1 and 
width of variation of wind direction of less than 90o (Minoura and Iwasaka, 1997), or 
steady wind speeds of less than 3 m s-1, constant wind direction and rain intensity 
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greater than 0.4 mm hr-1 for longer than 0.5 hr (Maria and Russell, 2005). Under stable 
conditions the gas/particle scavenging process is assumed to be a first-order process 
with a rate of change equal to the empirical scavenging coefficient. Particle and gas 
scavenging coefficients are calculated using the chemical evolution of the aerosol/gas 
concentration during precipitation. Scavenging coefficients tend to increase as rain 
intensity increases and have been described with both linear (Minoura and Iwasaka, 
1997) and power law models (Asman, 1995; Okita et al., 1996; Pandey et al., 2002). 
Minoura and Iwasaka (1997) found a linear correlation between empirical particle 
scavenging coefficients for NO3- and SO4-2 and rain intensities from 0 to 12 mm hr-1; 
however a potential function of the kind bopa ⋅ where po is the rain intensity (0.1 to 10 
mm hr-1) has also been found and used for SO4-2 (Okita et al., 1996; Pandey et al., 
2002).  
Even when the particle scavenging is usually assumed to be just mechanical and 
independent on the particle chemical composition, empirical particle scavenging 
coefficients have shown to depend on the water solubility of the scavenged species. 
Under stable conditions the NO3- scavenging coefficient proved to increase more with 
rain intensity increases and was determined to be 5.2×10-4 s-1, twice the SO4-2 
coefficient, equal to 2.2 ×10-4 s-1 (Minoura and Iwasaka, 1997). This situation has also 
been studied by normalization of the empirical particle scavenging coefficients with the 
rain intensity in order to isolate the rain intensity effect. Variations in the normalized 
coefficients have been related not only with composition but also with the mixing state 
and age of the aerosol particles. Assuming monodisperse PSD and DSD and 
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exponential decay of particle concentration, sulfate and NH4+ scavenging coefficients 
were determined to be three times larger than those for organic matter and silicate 
species, showing that water-soluble inorganic species are preferentially scavenged. The 
same information was obtained by analyzing the mass fractions of species in the 
residual aerosols after rain (Maria and Russell, 2005). Certain organic compounds such 
as long length organic alcohols, acids, aldehydes, esters, ketones and amines, can act as 
surfactants on the particle surface and change their ability to be dissolved onto rain 
droplets or after dissolution can alter the droplet’s ability to absorb or desorb gases in its 
interior (Gill et al., 1983). Both effects certainly cause preferential scavenging 
according the relationship between the rain droplet, gas and particle chemical 
compositions.  
Models at the third level of complexity require as input a detailed description of 
the PSD and DSD. Particle scavenging is studied as a mechanical process depending 
mainly on the collision efficiency of particle-droplet encounters (Seinfeld and Pandis, 
1998; Slinn, 1977), while gas scavenging is dependent on the interfacial mass transfer 
and absorption/desorption of the gaseous species into raindrops. The changes in the 
droplet concentration due to these interactions are integrated over the DSD and PSD to 
predict the rainwater concentrations. Variation in the gas and particle concentrations 
during rain events are usually modeled as exponential decay and removal rates are 
proportional to the scavenging coefficients. The rain intensity effect on the scavenging 
is accounted for by the DSD and the number of droplets per size category ( Oberholzer 
et al., 1993; Volken and Schumann, 1993;  Asman, 1995 ; Goncalves et al., 2000; 
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Mircea et al., 2000; Andronache et al., 2002; Goncalves et al., 2003; Chate et al., 2003; 
Chate and Pranesha, 2004; Mircea et al., 2004; Zhao and Zheng, 2006).   Special cases 
of this group are the Eulerian model by Kumar (1985) which employs a  monodisperse 
DSD to determine the dynamic evolution of the gas-phase depletion and aqueous-phase 
accumulation during rainfall scavenging; and a below-cloud scavenging model by Chate 
(2005) that includes particle collection by thermophoresis, diffusiophoresis, and 
electrical forces during thunderstorms. Kumar (1985) also includes expressions for the 
changes in the rain droplet and gas concentration with time and height. 
The most complex models keep the detailed descriptions of the DSD and PSD 
but include multidimensional transfer phenomena and microphysics. Wurzler (1998), 
for example, proposed a model to describe the in-cloud and below-cloud scavenging of 
HNO3. The main model assumptions are well-mixed droplets, exponential decay with 
height of particle concentrations, and acidic nuclei for the droplet formation. The 
changes in the PSD are assumed to be caused by activation of particles to droplets, 
diffusional growth (by condensation or evaporation) and impaction scavenging. The 
changes in the DSD are due also to activation of particles to droplets and diffusional 
growth, as well as to the collision, coalescence and break-up of drops, and to the gas-
uptake and particle-uptake. All the equations describing the change in the concentration 
of the particle, rain droplets and gas include the effects of advective transport and 
turbulent mixing. Modeling with detailed rather than parameterized microphysics for 
cloud processing yielded higher nitrogen wet deposition rates (Wurzler, 1998).  
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This is the more detailed and complex set of models to describe the scavenging 
process, however its applicability to predict rainwater concentrations is limited by 
information about all the variables involved in the model at the monitoring site. 
The research goal is to use a below-cloud scavenging model for the evaluation 
of the contributions of gas and particle scavenging to rainwater concentration of 
samples collected at Tampa Bay. Because the aerosol samples were not always 
collected at stable atmospheric conditions, two different cases were studied, the first one 
assuming constant particle and gas concentrations occurring during all rain intervals; 
and the second one assuming an exponential decay with time of the concentrations per 
rain interval in terms of the particle and gas scavenging coefficients defined as the 
correspondent precipitation rate. In the first case, it is assumed that even when the 
concentrations decrease by scavenging they are compensated by convective and/or 
diffusive transport, direct emissions from sources, or gas-to-particle conversion. The 
second case describes better the scavenging process under stable conditions where all 
the factors mentioned before are negligible. 
A below-cloud scavenging model was chosen from among the available ones in 
the third group , with particle scavenging rates defined by the Slinn’s collision 
efficiency model (1977) presented by Seinfeld and Pandis (1998) with the particular use 
of the Kumar’s approach (1985) to determine the changes in the droplet concentrations 
after gas scavenging. 
Model assumptions inherent in our below-cloud scavenging model included 
negligible contributions of in-cloud scavenging, irreversible HNO3 and NH3 gas 
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transfer, no change in the DSD during the rainfall event and uniform vertical 
concentration profiles of gases and particles as represented by near surface 
measurements.  
Hourly gas concentrations were used to determine the initial level of the trace 
pollutants at the time the rain started for the first case and the correspondent values for 
all rain intervals. In the absence of continuous measurements of particle concentrations, 
we fixed them to be those from 24-hr integrated samples and their exponential decay 
was estimated to be dependent to the precipitation rate measured for the time interval.  
As a test of the model performance, scavenging rates were also calculated for 
sodium (Na+), as Na+ is a non-volatile species and its concentration in rainwater should 
be completely explained by particle scavenging when there are stable atmospheric 
conditions.   
Experimental Methods 
Field Sampling and Sample Processing 
Aerosol and rainwater sample collection were explained in detail in the last 
chapter. All procedures and analyses were the same.  
Continuous HNO3 concentrations were obtained from a dual-channel 
chemiluminescence analyzer based on the Thermo Environmental 42C-TL NOx 
instrument modified with dual 350 oC molybdenum catalysts by Atmospheric Research 
and Analysis, Inc. Both channels reduced all oxidized nitrogen species (NOy) to 
nitrogen oxide (NO).  In the second channel, a potassium chloride-coated denuder 
selectively removed the HNO3 ahead of the converter.  The HNO3 concentration was 
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operationally defined as the difference between the denuded and un-denuded NOy.  A 
schematic of this system is shown in Figure 6-1.  The converters for the 
chemiluminescent system were housed in a weatherproof enclosure mounted on a tower 
at a height of 10 m.  The inlet line for the undenuded channel was constructed of PFA 
Teflon tubing with a 0.05 sec residence time to minimize line losses of HNO3; the open 
end of the denuder served as inlet for the denuded channel. The method detection level 
of this system to HNO3 is 2 nmol m-3 with 60-min resolution (Arnold et al., 2006) 
Continuous NH3 concentrations were obtained from a dual-channel 
chemiluminescence analyzer based on the Thermo Environmental 42C-TL NOx 
instrument. The instrument design is nearly identical to the HNO3 system described 
above, except that each channel has an additional 550oC platinum catalyst to oxidize 
ammonia/ammonium (NHy) to NO, followed by a 350oC molybdenum catalyst to 
reduce any NO2 to NO. The inlets of both channels have a 142-mm Na2CO3 denuder to 
remove HNO2 and HNO3. In one of the two channels, a phosphoric acid-coated denuder 
selectively removes the NH3 ahead of the converter.  The NH3 concentration was 
operationally defined as the difference between the denuded and un-denuded N (e.g. N 
= NH3+ NH4+ + NO+ NO2 + other reduced and oxidized nitrogen species not removed 
by the Na2CO3 denuder).  The open end of the denuders served as inlet for both 
channels. The converters for the chemiluminescence system were housed in a 
weatherproof enclosure mounted on the top of a trailer at a height of 3.5 m.  Inlet lines 
were short and constructed of PFA Teflon tubing with a 0.05 sec residence time to 
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minimize line losses of NH3. The method detection level of this system for NH3 is 2.0 
nmol m-3 with 60-min resolution.  
 NH3 and HNO3 concentrations obtained with the chemiluminescence method 
were compared with measurements made with the collocated annular denuder system 
and show reasonable agreement (Arnorld et al., 2006; Hartsell et al., 2006) 
Aerosols and Rainwater Concentrations   
Table 6-1 shows the average values for NH4+ and NO3- concentrations as well as 
dry bulb temperature (T, oC) during all 24-hr integrated sampling periods. Values for 
the base cloud height and the total duration and precipitation rate of the rain event are 
also registered. Table 6-2 shows details about the precipitation rates and NH3 and HNO3 
concentrations for all 1-hr periods composing each rain event.  The base cloud height 
(h) was obtained at the starting time of the rain event and read as the cloud height of the 
first layer in ascending order from the ground.
  
Table 6-1. Aerosol (PM10) and Rainwater Concentrations and Average Meteorological Conditions at the Gandy Bridge Monitoring 
Site. 
Sampling 
Day 
NH4+-PM10 
(nmol-N m-3) 
NH4+-RWW 
(µM-N) 
NO3--PM10 
(nmol-N m-3) 
NO3--
RWW 
(µM-N) 
CNH3 
(nmol-N m-3) 
CHNO3 
(nmol-N m-3) 
h(m) ts 
(hr) 
pototal 
(inches) 
T 
(oC) 
7/20/2005 39.0 15.6 14.4 34.1 148.4 14.0 792.5 1 0.35 29.0 
7/24/2005 116.1 12.0 13.7 24.1 71.3 6.8 853.4 3 0.35 27.2 
8/06/2005 15.2 8.2 12.4 19.1 59.2 6.3 792.5 3 0.9 26.6 
8/07/2005 12.6 5.5 9.7 12.4 37.2 27.6 823.0 1 1.5 26.1 
8/08/2005 43.5 8.1 9.3 15.1 79.1 18.3 914.4 4 1.35 27.2 
8/09/2005 155.4 8.4 10.6 26.0 29.7 25.7 762.0 1 0.1 28.4 
8/14/2005 94.0 46.9 11.5 185.6 27.1 26.4 792.5 1 0.02 27.7 
 
  
Table 6-1. (continued) 
 
 
Sampling 
Day 
NH4+-PM10 
(nmol-N m-3) 
NH4+-RWW 
(µM-N) 
NO3--PM10 
(nmol-N m-3) 
NO3--
RWW 
(µM-N) 
CNH3 
(nmol-N m-3) 
CHNO3 
(nmol-N m-3) 
h(m) ts 
(hr) 
pototal 
(inches) 
T 
(oC) 
8/22/2005 167.9 25.1 11.3 105.3 96.6 33.7 914.4 2 0.07 28.2 
8/23/2005 81.7 19.4 11.8 48.7 34.3 13.6 914.4 1 0.1 28.2 
8/24/2005 17.9 20.4 16.0 127.1 89.8 36.0 853.4 1 0.03 29.1 
8/28/2005 25.2 11.6 10.9 15.2 136.6 6.9 914.4 1 0.09 28.5 
9/01/2005 54.6 11.9 14.1 28.6 32.0 16.0 762.0 2 0.2 28.7 
  
 Table 6-2.  Hourly precipitation rates and gas concentrations during rain events at the Gandy Bridge monitoring site, Tampa, FL. 
Sampling 
Day 
po (mm hr-1) CNH3 (nmol-N m-3) CHNO3 (nmol-N m-3) 
7/20/2005 8.9 - - - 148.4 - - - 14.0 - - - 
7/24/2005 3.0 3.0 3.0 - 71.3 50.9 117.4 - 6.8 5.6 11.2 - 
8/06/2005 7.6 2.5 12.7 - 59.2 31.4 65.5 - 6.3 5.8 8.3 - 
8/07/2005 38.1 - - - 37.2 - - - 27.5 - - - 
8/08/2005 26.7 2.5 2.5 2.5 79.1 56.0 83.2 77.0 18.3 7.6 14.6 15.0 
8/09/2005 2.5 - - - 29.7 - - - 25.7 - - - 
8/22/2005 0.9 0.9 - - 96.6 303.3 - - 33.7 31.9 - - 
8/23/2005 2.5 - - - 34.3 - - - 13.6 - - - 
8/24/2005 0.8 - - - 89.8 - - - 36.0 - - - 
8/28/2005 2.3 - - - 136.6 - - - 6.9 - - - 
9/01/2005 2.5 2.5 - - 32.0 231.3 - - 16.0 14.6 - - 
  
Table 6-3. Contribution of Particle and Gas Scavenging to Rainwater Concentrations of Samples Collected at the Gandy Bridge 
Monitoring Site, FL. 
NH4+ NO3- Na+ Sampling 
Day 
%-
Concentration 
explained by 
particle 
scavenging 
%- 
Concentration 
explained by 
gas scavenging 
%- 
Concentration 
explained by 
total scavenging
%- 
Concentration 
explained by 
particle 
scavenging 
%- 
Concentration 
explained by 
gas scavenging 
%- 
Concentration 
explained by 
total scavenging
%- Concentration 
explained by 
particle 
scavenging 
7/20/2005 1±0.1 55.9±7.9 55.9±7.9 31.6±5.8 2±0.3 33.6±5.5 95.2±18 
7/24/2005 4.4±0.6 71.9±16.6 71.9±16.6 42±3.5 2.7±0.7 44.7±2.9 51.3±4.4 
8/06/2005 0.7±0.04 40.7±5.4 40.7±5.4 24.8±5.9 1.8±0.3 26.6±5.7 38.8±9.4 
8/07/2005 0.7±0.1 13.6±1.1 13.6±1.1 22.2±10 4.2±0.6 26.3±9.5 53.7±24.7 
8/08/2005 1.8±0.1 51.4±8.9 51.4±8.9 17.5±5.6 4.5±0.6 22.1±5.4 47±15.2 
8/09/2005 9±1.3 36.3±9.5 36.3±9.5 55.7±1.4 7.7±2.1 63.4±2.2 186.3±5 
 
 
  
Table 6-3. (continued) 
NH4+ NO3- Na+ Sampling 
Day 
%-Concentration 
explained by 
particle 
scavenging 
%- 
Concentration 
explained by gas 
scavenging 
%- 
Concentration 
explained by 
total scavenging 
%- 
Concentration 
explained by 
particle 
scavenging 
%- 
Concentration 
explained by gas 
scavenging 
%- 
Concentration 
explained by 
total scavenging 
%- 
Concentration 
explained by 
particle 
scavenging 
8/22/2005 3.8±0.9 145.3±70.8 149.1±71.7 16.6±0.4 4.2±2.1 20.8±2 86.8±2.5 
8/23/2005 2±0.3 21.7±5.7 23.8±5.9 33.2±0.9 2.6±0.7 35.8±1 121.8±3.3 
8/24/2005 0.5±0.1 79.6±41.3 80.1±41.5 22.9±1 3.7±2 26.7±2.9 165.8±6.7 
8/28/2005 1.1±0.2 151.7±42.8 152.7±43 101.2±1.9 4.4±1.3 105.6±2.2 154.8±3 
9/01/2005 2.2±0.3 114±29.7 116.2±30 50.4±2.6 4.2±1.2 54.5±1.8 95.2±5.3 
 
  
Table 6-4. Contribution of Particle and Gas Scavenging to Rainwater Concentrations of Samples Collected at the Gandy Bridge 
Monitoring Site, FL considering Constant Particle and Gas Concentrations. 
NH4+ NO3- Na+ Sampling Day 
%-
Concentration 
explained by 
particle 
scavenging 
%- 
Concentration 
explained by 
gas scavenging 
%- 
Concentration 
explained by 
total scavenging
%- 
Concentration 
explained by 
particle 
scavenging 
%- 
Concentration 
explained by 
gas scavenging 
%- 
Concentration 
explained by 
total scavenging
%- 
Concentration 
explained by 
particle 
scavenging* 
7/20/2005 1.05±0.04 93.3±21.9 94.3±21.9 76.2±1.1 2.9±0.7 79.1±0.8 236.4±3.3 
7/24/2005 4.82±0.64 91.4±27.7 96.2±28.3 111.8±5.8 3.2±1 115±6.7 75.7±2.8 
8/06/2005 0.79±0.04 69.7±16.9 70.5±16.8 118.6±2 2.7±0.6 121.3±1.7 82±7.5 
8/07/2005 0.78±0.08 49.5±24.4 50.3±24.4 127.5±8.2 11.7±5.8 139.3±10.9 325.2±20.6 
8/08/2005 2.16±0.1 101.9±23.3 104.1±23.2 108.3±3 8.2±2.3 116.5±1.7 219.1±24.2 
8/09/2005 9.34±1.38 45.2±14.9 54.5±16.3 80.7±4.6 9±3 89.7±7.5 273.5±15.4 
 
  
Table 6-4. (continued) 
NH4+ NO3- Na+ Sampling 
Day 
%-
Concentration 
explained by 
particle 
scavenging 
%- 
Concentration 
explained by 
gas scavenging 
%- 
Concentration 
explained by 
total scavenging
%- 
Concentration 
explained by 
particle 
scavenging 
%- 
Concentration 
explained by 
gas scavenging 
%- 
Concentration 
explained by 
total scavenging
%- 
Concentration 
explained by 
particle 
scavenging* 
8/22/2005 3.93±0.95 163±86 166.9±86.9 22.4±1.9 4.5±2.4 27±4.2 101.8±4.1 
8/23/2005 2.13±0.31 27±8.9 29.1±9.2 48.1±2.8 3±1 51.2±3.7 178.8±10.1 
8/24/2005 0.53±0.13 88.4±49.1 88.9±49.2 26.4±2.3 4±2.2 30.4±4.5 191.8±16.3 
8/28/2005 1.12±0.18 185.8±64.8 186.9±65 142.4±8.6 5.1±1.8 147.5±10.4 220.5±13.1 
9/01/2005 2.32±0.34 141.8±46.9 144.1±47.2 97.3±5.6 4.9±1.6 102.1±7.1 136.6±3.3 
*: Considering different particle concentrations per hour of rain according the exponential decay but constant concentration during scavenging calculations 
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The average wind speed per rain event was equal to 2.1 ± 1.3 m s-1 ranging from 
0.5 m s-1 to 4.04 m s-1, the average wind direction was 209.9 ± 136.3 deg ranging from 
14.5 to 341.7 deg and the average standard deviation was 40.9 ± 36.6 deg ranging from 
5 to 94 deg. Between all the sampling days, only the days 07/20/2005, 07/24/2005, 
08/22/2005 and 08/24/2005 satisfied all the requirements of stable atmospheric 
conditions.  
DIN gases such as ammonia and nitric acid are very soluble gases and their 
effective values of the Henry’s constants are so large that they absorb irreversibly into 
the rain droplets. For example, ammonia has effective values of the Henry’s coefficient 
that are higher than 1*106 at pH levels below 5 (Mizak et al., 2005). For the gas 
scavenging calculations presented, pH on rainwater samples (n=16) showed an average 
value of 4.56 ± 0.65, and therefore ammonia and nitric acid were assumed to behave as 
irreversible gases.  
Two set of equations were used to calculate the gas scavenging contribution to 
the wet deposition fluxes of NH4+ and NO3-. The first one assumed constant gas 
concentrations and particle concentrations and the second one assumed an exponential 
decay of these variables. Integrals on deposition and volume weighted concentrations 
were solved by the Simpson-composite rule with δdp=(dpmax-dpmin) 1000-1 and the quadl 
(Lobbatto-quadrature) Matlab-built-in function with a tolerance level of 10-16.  All 
routines were programmed using Matlab®.  
Table 6-3 shows the fraction of the rainwater concentration of NH4+, NO3- and 
Na+ explained using particle and gas scavenging rates. The standard deviations 
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presented per sampling day were calculated from the results of the three different drop 
size distributions (DSD) used to approximate the rain spectra on the site. The standard 
deviations of the contributions of gas scavenging were bigger for those of particle 
scavenging because gas absorption rates are strongly dependent on the droplet surface 
and this parameter is very different from one DSD to the other.   
Figure 6-2 shows how the particle scavenging changes with the particle size and 
precipitation rate. At high precipitation rates the particle scavenging coefficients from 
the log-normal drop size distribution (L-DSD) tend to be very similar to those 
calculated using the Marshall-Palmer drop size distribution (MP-DSD), while the 
Massambani-Morales or gamma-distribution (MM-DSD) produced lower values. At 
low precipitation rates the differences between the three DSDs were more evident for 
particles under 2 µm in diameter. When the three DSD are used in conjunction with the 
particle concentrations to determine the contribution of particle scavenging to rainwater 
concentrations it was found for the measured range of precipitation rates that they do 
not differ from each other. ANOVA results showed a non significant difference at 95% 
confidence level between the mean values of each variable for each DSD in each 
scavenging regime (particle or gas).  This result disagrees with those found previously 
in sensitivity test for HNO3 scavenging coefficients with respect to the variation on the 
DSD by Mircea et al.(2004). They used analytical expressions to determine HNO3 
scavenging coefficients with the log-normal DSD and a gamma-DSD and found a 
variation up to 50 % in them due to changes in the DSD. They concluded that the 
function chosen to describe the DSD has a marked influence on the values of the gas 
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scavenging coefficient  (Mircea et al., 2004). When the gas scavenging coefficients for 
HNO3 were compared, ANOVA results did not showed significant differences on the 
mean values at 95 % confidence level, bur for the case 2 or exponential decay the p-
value was 0.06, very close to the limit of 0.05. Causes of the disagreement between this 
study and the one by Mircea et al.(2004) could be just on the reduced number of rain 
events studied in this analysis. Additional different between the two studies could be in 
the expressions used to determine droplet settling velocity.  
Figures 6-3 and 6-4 show changes to the initial PSDs of NH4+ and NO3- after one hour 
of rainfall at a precipitation rate of 2.5 mm hr-1. The change in initial PSD and decrease 
in particle concentration is much more evident for NO3- with a dgm of 3.5 µm than for 
NH4+ with dgm of 0.38 µm, which reflects the low collection efficiency of the particles 
with diameters between 0.1 and 1.0 µm (Seinfeld and Pandis, 1998). 
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Figure 6-1. Instrument Schematic Used for Gas Measurement (Hartsell et al., 2006). 
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Figure 6-2. Particle Scavenging Coefficients at Different Precipitation Rates for Three 
Drop Size Distributions: L-Log-Normal, MM-Massambani and Morales, MP-Marshall-
Palmer. High po (precipitation rate) =8.9 mm hr-1. Low po=0.8 mm hr-1. 
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Figure 6-3. Effect of the Drop Size Distribution on the Variation of Ammonium PM10 
Concentration After One-hr Rain Event at 2.5 mm hr-1 (L-Log-normal, MM-
Massambani and Morales, MP-Marshall-Palmer).  
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Figure 6-4. Effect of the Drop Size Distribution on the Variation of Nitrate PM10 
Concentration After One-hr Rain Event at 2.5 mm hr-1 (L-Log-normal, MM-
Massambani and Morales, MP-Marshall-Palmer). 
 
Particle scavenging helped to explain just an average of 2.6 ± 2.6 % of the 
experimental NH4+  rainwater concentration when constant particle concentrations were 
assumed (case 1) and 2.5 ± 2.5 % when the exponential decay was considered (case 2). 
In contrast, particle scavenging explained 87.2 ± 39.4 % of the NO3- concentration in 
the rainwater samples and 38.0 ± 24.1 % for the second case. In the case of sodium, 
particle scavenging explained an average of 185.6 ± 78.5% of its rainwater 
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concentration in the case 1 and 93.2 ± 53.2 % in the case 2. Sodium was included in the 
calculations to test the validity of the assumptions done in the particle scavenging 
model. Sodium is a non-volatile substance emitted only from particle sources and 
therefore only under stable atmospheric conditions only the particle scavenging should 
be able to explain its concentration in rainwater. These results showed satisfactory 
results especially for the case 2 with exponential decay of the particle concentration. 
Over predictions for the first case were expected because sodium-enriched particles 
have larger particle diameters and therefore faster scavenging rates. The assumption of 
constant particle concentration does not describe well this situation, while the 
exponential decay with time works better. This means that in this case, sodium particle 
concentrations really decreased during scavenging and there were negligible effects of 
particle generation from sea spray during rain events with high wind speeds. Sodium-
enriches particles comes from sea spray comes produced by  breaking waves at wind 
speeds higher than 3-4 m s-1 (Andronache et al., 2002). 
In conclusion, the particle scavenging contribution to rainwater concentrations is 
mainly affected by the particle size distribution, and it will be responsible for an 
important fraction of the rainwater concentration only for those substances concentrated 
in particles outside the Greenfield gap.  
Gas scavenging proved to be more important for NH4+ than for NO3- 
concentrations in rainwater. Even when the precursor gases of their ionic forms, NH3 
and HNO3, can be both considered as irreversible gases and they have high tendencies 
to be dissolved in aqueous media, the scavenging coefficients for both gases at the 
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range of precipitation rates and temperature of this study differed from each other by 
33.2 ± 0.4 %. At the average dry bulb temperature for the sampling period the 
diffusivities of both gases are different by 45.9 %, with the higher values of NH3.   
In the first case of constant gas and particle concentrations, the contribution of 
gas scavenging to NH3 concentrations in rainwater was in average 96.1 ± 59.5 % and 
equal to 71.1 ± 52.2 % for the second case with exponential decay. Similar results were 
seen using gas and aerosol measurements between two sampling sites at different 
altitudes. Gas scavenging of NH3 was more important than particle scavenging and was 
found to be responsible for 58-88 % of the increase in the predicted rainwater 
concentration between the middle (1030masl) and the bottom (430 masl) station 
(Oberholzer et al., 1993).   
For NO3-, the contributions of HNO3 scavenging are smaller than for NH3 and 
equal to 5.4 ± 3.5 % and 3.8 ± 1.9 % for the cases 1 and 2 respectively. The contrast 
between the NH3/ NH4+ and the HNO3/ NO3- below-cloud scavenging processes agrees 
with the results of  deposition studies for 1996-1999 over the Tampa bay area where it 
was found that NH3 is responsible for the largest fraction of dry deposition rates while 
NO3- represents the biggest contribution to wet deposition rates (Poor et al., 2001). 
In general, the proposed below cloud scavenging explained the 92.6± 40.6 % of 
NO3- rainwater concentrations in the first case and 41.8 ± 24.7 % in the second case; 
while for NH3 concentrations, the first case gave an average explanation of 98.7 ± 59.3 
% and 73.6 ± 52.3 % for the second case. Although, the difference between the 
predicted and the measured rainwater concentrations for both scavenging cases are 
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smaller for the NH3/ NH4+ set than for the HNO3/ NO3- set; the predicted values offer a 
close approximation to the real atmospheric processes that define aerosol and gas 
concentrations at  the site  are between these extremes. Both cases proved to be 
applicable to describe the rain scavenging process for the average atmospheric 
conditions reported in the rain events.   
24-hr integrated measurements were used to define particle concentrations and it 
is possible that this value was smaller than the real concentration at the starting time of 
rain event. Generally then, under predictions are expected to occur especially for NO3-. 
It was also assumed a negligible influence of the in-cloud scavenging and the initial rain 
droplet concentrations were assumed to be equal to zero, this could be not true in the 
Gandy Bridge monitoring site, especially before rain events when the relative humidity 
reaches maximum values at the cloud base and it is expected to have in-cloud gas 
scavenging. Cloud water concentrations in samples from South-Western China were 
found to be between 9 to 12 µeq L-1. This value could be much higher than the expected 
in-cloud concentrations because while Tampa Bay is a relatively unpolluted area, the 
monitored areas in China are very polluted by the use of high sulfur-content fuels and 
unfavorable topography and climate (Tanner et al., 1997).  
By assuming constant particle concentrations for NO3- scavenging the predicted 
concentrations were closer to the measured rainwater concentrations. This suggests that 
gas-to-particle conversion processes or other particle sources participate during rain 
events and help to keep particle concentrations at higher levels than those expected if a 
exponential decay with time was occurring. The mean in the ratios between the 
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contribution of particle and gas scavenging to NO3- concentrations in rainwater is 
significantly different for both cases (p-value <0.0001), while it is not significantly 
different in the case of NH4+. For NH4+ in rainwater, the first case without exponential 
decay in the gas and particle concentration, also gave results closer to the observed 
values indicating that during rain events inputs from emissions counteract the decrease 
in gas concentration due to scavenging by raindrops.  
Particle concentration were assumed to remain constant in the vertical profile 
and equal to those measured at ground level, this could be causing over-predictions in 
the proposed below-cloud scavenging model, especially in days with long rain events 
and strong precipitation rates. It has been found that ionic particle concentrations 
decrease from the ground level to the cloud base height following different profiles 
including the exponential decay with height (Goncalves et al., 2003). Higher over-
predictions are expected to occur for species concentrated in coarse particles, such as 
NO3- and Na+, because they have higher dry deposition velocities and should have a 
steeper decrease in concentration from the ground level to the cloud base compared to 
species in fine particles (NH4+). In the case of the gas vertical profile, the model could 
be under estimating the gas scavenging rates because their concentrations at ground 
level are lower than at higher altitudes.  
Gonçalves et al. (2003) used an approach very similar to one used in this study, 
but they included both in-cloud and below-cloud scavenging rates and did not use the 
deposition-weighted average concentrations to predict the NO3- and SO4-2 rainwater 
concentrations in samples from the Amapá State(Brazil). Using their model they 
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calculated NO3- rainwater concentrations ranging from 15.5% to 58.2 % of the observed 
values, showing the same under-prediction tendency seen in this study especially for the 
case 2. The same under predictions were determined by a below-cloud scavenging 
model more similar to the one in this study for rainwater samples collected at the 
Cubatão region (Brazil) (Goncalves et al., 2000). 
 
Scavenging Coefficients 
   From the results of the below-cloud scavenging model, in Table 6-4 are 
presented the gas scavenging coefficients (Equation 4-74), mean mass particle 
coefficients (Equation 4-75), and rainfall-normalized particle scavenging coefficients 
(Equation 4-76) for use in community-scale and mesoscale air quality models. For 
comparison, the USEPA-recommended mesoscale model CALPUFF has at its default 
rainfall scavenging coefficients for HNO3 and NO3-, respectively, 6 ± 10-5 and 1 ± 10-4 
s-1 (Scire et al., 2000);  a below-cloud scavenging model for soluble gases by Asman 
(1995) yielded a scavenging coefficient for NH3 of 3 ± 10-4 s-1 for a 7 mm hr-1 
precipitation rate; and Chate (2005) provided scavenging coefficients for submicron 
particles of 1.1 ± 10-5 to 7.6 ± 10-4 s-1, two orders of magnitude higher than our 
scavenging coefficient for NH4+. 
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Table 6-5. Scavenging Coefficients from the Below-Cloud Scavenging Model. 
Species Mean Scavenging Coefficient 
(s -1) 
Normalized Mean Scavenging Coefficient 
(s⋅mm/hr) -1 
NO3- 1.44 × 10-4 ± 1.96 × 10-4 2.64 × 10-5 ± 0.67 × 10-5 
NH4+ 3.16 × 10-7 ± 3.90 × 10-7 6.27 × 10-8 ± 2.43 × 10-8 
Na+ 1.79 × 10-4 ± 2.44 × 10-4 3.28 × 10-5 ± 0.82 × 10-5 
HNO3 1.56 × 10-4 ± 1.85 × 10-4 2.78 × 10-5 ± 1.81 × 10-5 
NH3 2.17 × 10-4 ± 2.57 × 10-4 4.60 × 10-5 ± 1.91× 10-5 
 
Summary 
The below-cloud scavenging model presented allowed explanation of the measured 
concentration of NH4+, NO3- and Na+ in rainwater samples collected at the Gandy 
bridge site, FL. Gas scavenging of NH3 contributed the most to rain deposited NH4+, 
while scavenging of coarse particle NO3- and Na+ accounted for a substantial fraction of 
the rainfall NO3- and all of the Na+. The three DSDs used in this study did not give 
significantly different scavenging rates for the range of precipitation rates measured 
during the rain events studied. For rainfall NH4+ and NO3-, scavenging calculations 
assuming constant gas and particle concentrations gave predictions closer to observed 
rainwater concentrations, but for Na+, modeled results were closer to measured 
concentrations for the assumption of exponential decay. These results revealed the 
inherent weakness in a model that does not include in-cloud processing and advection 
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terms, for example, and the need for improved highly resolved time and space pollutant 
and meteorological measurements to understand better the species-dependent 
scavenging processes.   
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7. ANALYSIS OF PARTICLE FORMATION PROCESSES THROUGH 
THE EFFECT OF METEOROLOGICAL CONDITIONS ON ORGANIC 
AND INORGANIC NITROGEN CONCENTRATIONS IN 
ATMOSPHERIC AEROSOLS 
Introduction  
The research goal in this study is to improve the knowledge about DON species 
by revealing how they integrate into atmospheric particles. Particle formation processes 
are driven by mass transfer and chemical reactions and therefore should show 
correlations with meteorological data. Meteorological parameters, such as relative 
humidity, temperature, wind speed and direction, drive the formation, interaction, size 
and deposition of particles as well as gas absorption rates and salt formation into 
droplets on the atmosphere. Temperature, for example, is a driving force for chemical 
reactions, as well as for mass-transfer during evaporation, absorption and desorption 
processes.   
 To evaluate this idea, 24-hr integrated DIN and DON concentrations in PM10 
samples and average meteorological conditions for two different periods (dry and wet) 
were analyzed using multi-linear regression techniques. Results were compared to 
identify seasonal effects and normal background conditions that define the air quality 
and the nitrogen atmospheric deposition flux over Tampa Bay. 
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Statistical Analyses      
For each sampling day, values of relative humidity, dry bulb temperature, and 
wind speed and wind direction were obtained as hourly surface weather observations 
from the Tampa International Airport (8 km north from the site, Figure 1) available at 
the National Climatic Data Center website (www.ncdc.noaa.gov/servlets/ULCD ).   
Simple averaging of the hourly data per sampling day was used for relative 
humidity (RH, %), dry bulb temperature (DBT, oC), inverse of dry bulb temperature 
(INVDBT, oC-1), wind speed (WS, knots). 
For wind direction (WD, deg) and its standard deviation (WDirSTD, deg), the 
east-west and the north south wind components (knots) were calculated using vector 
computation with measurements of the horizontal component and the azimuth angle of 
the wind vector using the equations presented by the (U.S. Environmental Protection 
Agency, 2000). The standard deviation of the wind direction was used as a measure of 
mixing in the atmosphere. It was determined using the Yamartino method with hourly 
wind direction values (U.S. Environmental Protection Agency, 2000).  Equations 7, 8 
and 9 define the average wind direction and its standard deviation. Values of the φ 
variable are chosen between (0, 1, 3/2) to place the resultant wind vector in the right 
quadrant indicated by the signs of its components. n is the number of hourly data points 
included to describe the variable variation of the sampling period.  
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The persistence, or the ratio between the module of the average wind vector and 
the simple average wind speed per day, was calculated to evaluate the effect of 
sustained winds in a certain direction on daily measurements and its relation with 
possible fixed sources. However it was impossible to find significant correlations 
between this variable and the DIN and DON concentrations using Pearson Correlation 
Coefficients and Multi-linear Regression Analyses. 
DIN and DON concentrations were measured in two different seasons, the dry 
period with samples taken between November-2004 and April-2005 and the wet period 
between July and September-2005.  The latitude of Tampa Bay is near enough to the 
Equator not to show strong seasonal tendencies in temperature for example. There are 
significant variations in daily precipitation rates during the hurricane season (wet 
period) and the rest of the year (dry period). During the sampling period, there were just 
two rainstorms associated with Hurricane Katrina but no aerosol samples were collected 
during those events. 
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Average values for meteorological conditions are reported on Table 7-1 and 
were individually compared by a t-test (two-tailed), after comparison of the data 
variances by an F-test. When the variances were different from each other, a new 
number of degrees of freedom was calculated. The p-values indicated significant 
differences (at 95% confidence level) between the DBT, RH, WS and precipitation 
means for both periods.  
Table 7-1. Average Meteorological Conditions at the Gandy Bridge Monitoring Site. 
Average ± s Dry Period: 
Nov, 2004 – Apr, 2005 
(n=30) 
Wet Period: 
Jul-Sep, 2005 
(n=25) 
p-value 
(α=0.05) 
Dry Bulb Temperature (oC) 19.9 ± 3.1 28.2 ± 0.9 0 
Relative Humidity (%) 63.5 ±10.5 76.8 ± 3.7 0 
Wind Speed (knots) 7.1 ± 2.1 4.9 ± 1.9 0 
Wind Direction (deg) 194.4 ± 113.1 131.4 ± 106.8 0.06 
Standard Deviation of Wind 
Direction (deg) 
47.9 ± 24.8 59.3 ± 25.7 0.13 
Persistence (%) 70.5 ± 25.3 57.9 ± 28.4 0.06 
East-West Wind Component 
(knots) 
0.9 ± 3.6 -0.1 ± 3.4 0.24 
North-South Wind Component 
(knots) 
-0.9 ± 4.4 0.2 ± 2.4 0.35 
Precipitation (mm/day) 0.4 ± 1.8 7 ± 11 0.002 
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The dry period was characterized by lower temperature, humidity and daily 
precipitation (few and short rain events) with higher wind speeds, especially when 
winds were blowing from the north and north-west (Figure 7-1). The wet period can be 
considered as isothermal due to the small standard deviations of the dry bulb 
temperature. Another important characteristic of this period is the constantly high water 
content of the air or high relative humidity values. 
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Figure 7-1. Variation of the Average Wind Speed and Direction for the Dry and Wet 
Period on the Gandy Monitoring Site, Tampa, FL. 
(Dots identify the wind speed (knots) in the radial axis and the wind direction in the 
angular axis) 
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Table 7-2. Average DIN and DON Particle Contents in Samples from the Dry and Wet 
Period. 
Average ± s 
(%) 
Dry Period: 
Nov, 2004 – Apr, 2005 (n=30)
Wet Period: 
Jul-Sep, 2005 (n=25)
PM2.5 : NH4+/DIN 86.2 ± 9.4 92.6 ± 8.7 
PM2.5: DON/TDN 10.3 ± 3.2 8.2 ± 5.6 
PM10-2.5 : NO3-/DIN 93.3 ± 5.0 87.5 ± 7.5 
PM10-2.5 : DON/TDN 8.3 ±13.3 17.3 ±10.9 
PM10 : DON/TDN 9.5 ± 4.1 9.9 ±  6.0 
PM10 : DON2.5 /DON10 79.7 ± 19.6 68.6 ± 17.6 
 
Table 7-2 shows the contribution of all nitrogen species to the general chemical 
composition of fine and coarse particles. DIN in fine particles is mainly ammonium, 
while in coarse particles is mainly nitrate. DON represents approximately 10 % of the 
TDN in both fractions, but 70-80 % of the total organic nitrogen in PM10 is in the fine 
particles. Table 7-3 shows the average values of DIN concentrations as well as DON 
concentrations. Using the same comparison procedure applied to the meteorological 
values, it was determined that both periods have just significant differences (at 95% 
confidence level) in the NO3- content of fine and coarse particles.   
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Table 7-3. Average DIN and DON Concentrations at the Gandy Bridge Monitoring Site. 
Average ± s 
(nmol m-3) 
Dry Period:  
Nov, 2004 – Apr, 2005 (n=30)
Wet Period: 
Jul-Sep, 2005 (n=25) 
p-value 
(α=0.05)
PM2.5 DIN- NH4+ 49.1 ± 27.0 70.5 ± 57.3 0.17 
PM2.5 DIN- NO3-  6.3 ± 3.7 2.4 ± 1.6 0 
PM2.5 DIN 55.4 ± 26.1 72.9 ± 56.2 0.28 
PM2.5 DON 6.1 ± 2.6 4.9 ± 2.7 0.05 
PM10-2.5 DIN- NH4+ 1.6 ± 1.2 1.5 ± 1.0 0.48 
PM10-2.5 DIN - NO3-  22.3 ± 10.8 11.4 ± 6.0 0 
PM10-2.5 DIN 23.9 ± 11.5 13.0 ± 6.2 0 
PM10-2.5 DON  1.7 ± 1.7 2.4 ± 1.6 0.08 
 
A possible explanation for these differences can be found in the rain scavenging 
coefficients. NO3- particle contents were lower during the wet period because they are 
efficiently removed by rain droplets and then do not remain suspended in air during 
sampling periods with rain events. NO3--enriched particles have high scavenging 
coefficients caused by their average size (average particle diameter = 4 µm (Poor et al., 
2006; Campbell, 2005).   
NO3--enriched particles are formed after the nitric acid removal via reaction with 
sea salt (NaCl). Even if nitric acid concentrations are high, NO3- -particles are removed 
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by rain as soon as they are formed. This makes impossible to maintain the same DIN-
NO3- particle concentrations seen in the atmosphere on the dry period.   
A very different tendency is observed for NH4+ particle contents.  They do not 
show significant difference even when temperature and relative humidity are different 
for each period.  Because it was already shown that DON and NH4+ are strongly 
correlated and mainly present in fine particles, it was expected to have non-significant 
differences in DON particles contents from both periods.   
Before the application of multi-linear regression techniques to the data, we 
looked for possible deviations from the normal distribution using the Shapiro-Wilk test 
provided by the UNIVARIATE command on SAS (SAS Institute Inc, 2004). Data for 
DBT, RH and WDirSTD from both periods and WS of the wet period showed non 
significant deviations from the normal distributions. Deviations were seen just for WD 
and WS of the dry period, NH4+ particle concentrations for both periods, and nitrate and 
DON concentrations on the wet and dry periods, respectively. A natural logarithmic 
transformation was applied to all concentration values to correct such deviations.   
The log transformation was also intended to correct wedge patterns in residual 
vs. fitted plots seen in the first regressions caused by heteroscedasticity or unequal 
variance of the data. Improvements in the normality of data and residuals from 
regressions, as well on the correlation coefficient r, were found for all variables after the 
log transformation in almost all cases. The log-transformation does not alter any 
distribution moments.   
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Similar transformations have been found in the literature and were applied to 
reach the same goal: improve fit and achieve constant variance in the models (Robarge 
et al., 2002). 
Because NH4+ and NO3- are contained mainly in particles with very different 
particle sizes respectively, it was assumed they are formed by different processes. Thus, 
their concentrations in the fine and coarse mode were added and studied them as single 
data distributions. To evaluate individual effects of meteorological variables on DIN 
and DON concentrations, the Pearson correlation coefficients were calculated for all 
possible binary combinations between variables.  They are significantly different from 
zero (at 90% confidence level) when p-values are lower than or equal to 0.1. 
During the dry period, DIN-NH4+ concentrations were correlated with almost all 
meteorological conditions except with wind direction (Figure 7-2). The strongest 
positive correlation is seen with the relative humidity. At high water contents the 
gaseous precursors of ammonium sulfate, ammonia and sulfuric acid, have more 
absorptive media and should be effectively removed from the atmosphere. At higher 
relative humidity values, particles covered by water films and/or water droplets could 
more effectively scavenge inorganic nitrogen gases, such as ammonia and nitric acid. 
The higher the NH4+ and SO4-2 contents in liquid phase, the higher the rate formation of 
their salt.  As is also expected, NH4+ particle contents are positively correlated with 
temperature. The higher the temperature, the higher are the gas absorption rates, the 
reagents concentrations, and the rate of chemical reactions leading to the formation of 
ammonium salts. 
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Figure 7-2. Variation of the NH4+ Concentrations in PM10 With Respect to 
Meteorological Conditions. 
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There is a negative correlation with wind speed, which means that the higher the 
wind speed the lower the DIN-NH4+ concentration. High wind speeds are related to 
higher mass fluxes of air. If the whole mass of air blowing over the site was 
homogeneous in composition, then it would be expected to have higher DIN 
concentrations at higher wind speeds.  But for cleaner air masses blowing at the higher 
wind speeds, it is expected to have lower concentration of inorganic nitrogen gases and 
therefore lower absorption to particles due to the dilution effect.  In conclusion, this 
suggests that ammonium is diluted not delivered for stronger winds. The opposite was 
expected for NO3- as higher winds deliver more sea salt and with this more reactive 
surface area. Another possible explanation could be that higher wind speeds transport 
ammonia emissions from local sources adjacent to the monitoring site, reducing their 
possible transformation into particles.  
In the wet period, DIN-NH4+ concentrations showed negative correlations with 
the speed and the direction of the wind. Both variables are positively correlated (r=0.42, 
p=0.04, Figure 7-1). Stronger winds were measured when the winds came from north-
west and south-west directions. The same possible explanations given for the 
correlations in the dry period are applicable.  
DIN-NO3- concentrations do not show the same behavior seen for ammonium in 
the dry period (Figure 7-3). NO3- particle concentrations do not have significant 
correlation with relative humidity. Instead they showed a very strong positive 
correlation with temperature (DBT). NO3- in particles is likely to be present as sodium 
nitrate, and the equilibrium constant for its chemical formation decreases approximately 
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9 % with an increment of 5 oC from 20 oC. A decrease of 39 % in the nitric acid 
dissociation constant is also associated with a temperature increase from 20 oC to 25 oC 
(Seinfeld and Pandis, 1998).  Those tendencies intimately related with the particle 
formation of sodium nitrate do not match with what was seen during the dry period. The 
temperature effect must be related then with the increase in the rate of chemical 
reactions leading to the nitric acid production from NOx emissions present in the 
atmosphere.   
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Figure 7-3. Variation of the NO3- Concentrations in PM10 With Respect to 
Meteorological Conditions. 
In addition, DIN-NO3- concentrations show a moderate correlation with the 
standard deviation of the wind direction. This variable is a measure of mixing in the 
atmosphere, and it showed to be negatively correlated in the dry period with wind speed 
(r = - 0.51 p=0.003). The higher the standard deviation of the wind direction, the lower 
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is the wind speed. This could indicate more stable conditions in the atmosphere, better 
mixing and more contact time between pollutants. Also, variations in the wind direction 
could benefit the sea spray formation and with this increase, NaCl concentrations 
available to form sodium nitrate. Although atmospheric stability does not depend 
exclusive on wind conditions, it has been associated with them (Robarge et al., 2002).  
In the wet period DIN-NO3- concentrations correlated significantly with only 
one meteorological variable, the standard deviation of the wind direction. In contrast 
with the dry period, the correlation coefficient is negative indicating decreases in the 
NO3- concentrations when the standard deviation of the wind direction was high. In this 
case, the better mixing effect could cause the increase in the contact time between rain 
droplets and NO3--enriched particles and therefore the increase in the particle 
scavenging rates. At high values of the standard deviation of the wind direction, if the 
particle formation rate does not increase fast enough, the scavenging rate could lead to a 
significant reduction in NO3- particle contents, as it was seen in this case for the wet 
period.  
Because 80 % of the DON is in fine particles it was decided to study the 
correlations of this fraction with meteorological conditions (Figure 7-4). As for DIN 
concentrations, DON contents increase when relative humidity and temperature 
increase; and they decrease when wind speed increases. This behavior could indicate 
that DON concentrations in particles depend also on the quantity of water available to 
absorb organic nitrogen gases or to serve as a media for aqueous phase reactions leading 
to DON formation, as was seen for ammonium sulfate and sodium nitrate formation.   
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Evidence suggesting that DON in particles could come from such gas-to-particle 
conversion processes was already found from samples collected at the same site. DON 
is concentrated on fine particles and their DON-fraction is 14% dimethylamine (DMA). 
DMA is a very volatile substance (Vapor pressure at 20 oC= 1.2 atm) and its presence in 
particles could indicate two things, first very high gaseous DMA concentrations and 
second high retention of the DMA contents of air by the acidic particles. DMA when 
diluted in water shows a basic character and is efficiently retained after protonation 
when the solution is acidic (Calderón et al., 2006b). However, DON showed a stronger 
correlation with the DIN concentrations in fine particles (~90 % ammonium). This 
could suggest that the same processes leading to ammonium sulfate production drive the 
DON formation or transference to the particles.  This tendency was also observed for 
the wet period, where DON and DIN contents in fine particles were correlated with a 
moderate coefficient. The variation of temperature and relative humidity during the wet 
period is almost negligible when it is compared to conditions on the dry period. This 
explains why no significant correlations were seen between these variables and all DIN 
and DON concentrations. Whatever is the influence of those variables on the 
concentrations; it remained constant during the whole sampling period and does not 
help to explain the variance in the concentrations. 
  
 
Figure 7-4. Variation of the DON Concentrations in PM2.5 With Respect to Meteorological Conditions. 
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As was seen in the first period, DON in fine particles correlates positively with 
their DIN content; and due to the DIN behavior, increases in wind speed and wind 
direction should produce a decrease in DON concentrations. This is confirmed by the 
negative correlations coefficients reported for those variables in Figure 7-4. 
 
Figure 7-5. Variation of the DON Concentrations in PM10 With Respect to 
Meteorological Conditions. 
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DON concentrations in PM10 showed only a moderate and negative correlation 
with the standard deviation of the wind direction (Figure 7-5), while they kept the 
positive correlation with the DIN content of fine particles. This was expected due to the 
fact that 80 % of the DON is found in fine particles and is strongly correlated with their 
DIN content.   
 
Multi-Linear Regressions 
All regressions were done using the stepwise method with significance levels for 
variable addition and retention in the model of 0.5 and 0.1 respectively. The method 
adds progressively to the model those independent variables that make significant 
contributions to the description of the dependent variable variance according to the 
confidence level for addition. Once a new variable is added, the significance test is done 
for the remaining of the variables and those which do not offer significant contribution 
according to the retention confidence level are discarded until all the non-included 
variables are tested at the addition level or have been already discarded (SAS Institute 
Inc, 2004).  
Outliers were identified and extracted from the data set when they had higher 
values than critical values for at least two of these variables: studentized residuals, h- 
ratio, DFFITS and DFBETAS statistics, and second, if their presence decreased the 
multivariable correlation.   
Probability-probability plots were used to check normality of the model 
residuals. Collinearity diagnostics were also performed on each data set to avoid 
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unstable estimates and high standard errors due to linear dependence between predictor 
variables. All conditions indices for all variables were under 25. Collinearities are 
expected to exist when condition indices are higher than 200 (SAS Institute Inc, 2004).       
The final chosen set of independent variables could explain a large fraction of 
the variance for the dependent variable. All regression models showed strong multiple 
correlation coefficients (r >0.6) for the optimal weighted linear combination of the 
predictor variables included in this study.   
Before presenting the regression results, it is necessary to say that even when 
statistical analyses could reveal very important variable dependencies, the information 
obtained from them is not conclusive. They do not substitute experimental or modeled 
data. Tendencies in variable dependences were used here as indicators for possible 
processes.  
The goodness of the fitting for DIN-NH4+ concentrations in the dry and wet 
periods can be seen on Figure 7-6. Equations 7-4 and 7-5 showed that higher 
temperatures and lower wind speeds (more stable atmosphere) lead to higher particle 
contents of DIN- NH4+. The variation of those variables helped to explain an important 
fraction of the variance of the NH4+ concentrations in both periods. Additional 
influences of relative humidity and wind direction were caught by the model.   
The relationship between temperature and the log-transformed NH3 
concentrations was also observed by Robarge et al. 2002.  In this study, wind speed also 
showed a negative correlation with log-transformed concentrations and helped to 
explain 7% of their variance. Authors claimed that low wind speeds can help to 
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accumulate trace gases close to boundary layer increasing their concentrations in the 
vicinity of sources. On the other hand, wind direction helped to explain ~15 % of the 
variance and together, temperature, wind direction and wind speed explained 76% of 
the variance in the log-transformed ammonium concentrations (Robarge et al., 2002). 
Because ammonia is one of the main precursors of NH4+ in particles, these conclusions 
could be extended to the current conclusions. 
 ( )
28     0.72R-Adj     76.0
88.12*019.0*07.072.3log 4
===
−+−=− +
nR
DBT
RHWSNHDIN    Equation 7-4 
    
( )
20     86.0     89.0
4.275*003.0*2.001.15log 4
==−=
−+−=− +
nRAdjR
DBT
WDWSNHDIN
  Equation 7-5 
 
Figure 7-6. Goodness of the Fitting for the Log-Transformed NH4+ 
Concentration With Meteorological Conditions. 
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In the case of NO3- particle concentrations, even though Figure 7-7 shows two 
distinctive groups of points with lower concentrations during the wet period, both 
regressions showed a negative effect of the wind direction. Winds blowing from north 
and south west were associated with decreases in the nitrate particle contents. As was 
expected according to the binary correlation coefficient, temperature showed a positive 
effect on DIN-NO3- concentrations. This effect could not be caught for the wet period 
because the DBT variance was very small.  
( )
27     0.88R-Adj     89.0
5.41*002.0*002.07.5log 3
===
−+−=− −
nR
DBT
WDirSTDWDNODIN   Equation 7-6 
 
( )
19          0.51R-dj     62.0
*005.0*0006.0*06.021.3log 3
===
−−−=− −
nAR
WDirSTDWDWSNODIN
 Equation 7-7 
 
Figure 7-7. Goodness of the Fitting for the Log-Transformed NO3- 
Concentration With Meteorological Conditions. 
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So far, the effect of the meteorological conditions on the main two inorganic 
nitrogen species is as expected. However, a more interesting behavior is seen for 
organic nitrogen in fine particles. The optimal multiple regressions are shown in 
Equations 7-8 and 7-9, and the goodness of the fitting in Figure 7-8.  
The variance in DON concentrations in fine particles for both periods can be 
well explained using only their DIN contents. As was suggested before, two situations 
are likely to occur. First, it is possible that DIN and DON are fed into particles by the 
same processes, or second, they come from similar sources; therefore the higher the 
DIN the higher the DON.  
The DIN behavior in fine particles led to assumption of absorption of gases as 
the main process involved in particle formation; then DON could come from absorption 
of organic nitrogen gases in the atmosphere. This is the most likely process that can 
explain the DMA levels seen on fine particles. On the other hand, it is possible that 
inorganic nitrogen species and water present in particles could develop a film with a 
high chemical affinity for organic nitrogen species. With a high fine particle 
concentration, more surface area for the DON-absorption became available and DON 
concentration increases.  
( ) ( )
27       0.88R-Adj      89.0
log*8.038.1log 5.25.2
===
+−=−
nR
DINPMDONPM
    Equation 7-8           
( ) ( )
21     0.79R-Adj     80.0
log*5.06.0log 5.25.2
===
+−=−
nR
DINPMDONPM
    Equation 7-9 
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Figure 7-8. Goodness of the Fitting for the Log-Transformed DON Concentration in 
PM2.5 With Meteorological Conditions. 
 
For DON in coarse particles the optimal linear combinations of the predictor 
variables could not catch as much data variance as the other models (Equations7-10, 7-
11). It is important to say that after including DON concentration in coarse particles, the 
good correlation with meteorological conditions for the fine particles was lost. This 
could indicate that DON sources for coarse particles are different from the ones for fine 
particles. External effects, not related with the chosen meteorological set, such as 
vegetation abundance or pollen concentrations could be responsible for this.  
( ) ( )
28     0.54R-Adj     56.0
log*3.08.0log 41010
===
−−+=− +
nR
NHDINPMDONPM            Equation 7-10 
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( ) ( )
20       0.60R-Adj     0.65
log*8.0*002.002.4log 31010
===
−−−−=− −
nR
NODINPMWDDONPM                Equation 7-11 
           
The variables included in the regression of DON concentrations from the wet 
period do not match those from the dry period, and therefore any additional information 
can be found from comparing seasonal effects.   
Summary 
Results from multi-linear regression of DON and DIN concentrations with 
meteorological data suggested as expected that gas-to-particle conversions are the main 
source of nitrogen in particles collected over Tampa Bay.  This agrees with results from 
previous studies, and highlights the need for gas measurements that can offer more 
information about a possible and very important role of the gas phase on dry and wet 
deposition fluxes of organic nitrogen. As gases, they can be very well distributed in the 
atmosphere, can be removed by rainwater scavenging and/or direct mass transfer from 
the air to the water surface, offering a more global and continuous effect. If they had 
longer life times they could represent a very important source of NOx after degradation 
by sunlight. In regard to DON, regression models showed a secondary source or 
formation process for DON in coarse particles, possibly related to external factors such 
as vegetation debris or suspended pollen.      
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8. CONCLUSIONS AND FURTHER RESEARCH 
The UV-photolysis method proved to be efficient to measure DON concentrations 
in atmospheric samples with equivalent concentrations lower than 33 µM-N if the 
operational parameters are set to be the optimal irradiation period of 24-hr and the 
optimal solution pH of 2. DON concentrations could be overestimated by 15 % if the 
DIN/DON ratio is higher than 4. The successful application of the method to the 
analysis of field samples proved that under its optimal settings, the UV-Photolysis 
method can be adapted as the standard method to measure DON in atmospheric 
samples.  
The factorial design scheme, used for the UV-Photolysis optimization, helped to 
reduce the number of experiments with the surrogate organic nitrogen compounds. This 
approach is innovative in the atmospheric chemistry field where numerous experiments 
are required to test the performance of the analytical procedures. 
DON species proved to be present in aerosol and rainwater and represents 
approximately 10 % of the total dissolved nitrogen measured in samples collected at 
Tampa Bay. In Tampa Bay, concentrations of DON in fine and coarse particles are 5.3 
± 2.6 and 2.1 ± 1.6 nmol m-3 (n=55) respectively, and DON concentrations in rainwater 
samples are 3.3 ± 3.1 µM-N (n=13). Estimated wet deposition fluxes for NH4+, NO3- 
and DON were 1.40, 3.18 and 0.34 kg-N ha-1 yr-1, respectively, for individual 
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contributions of 28 %, 65 % and 7 % to the total nitrogen loading from wet deposition, 
which was equal to 4.91 kg-N ha-1 yr-1. This indicated that atmospheric nitrogen loading 
previously estimated for surface waters are biased low due to the exclusion of the DON 
contributions to wet and dry deposition fluxes. 
The existence of DON in atmospheric samples also indicated missing sources in the 
inventories of nitrogen deposited on Tampa Bay, e.g. DMA showed to be present in 
PM2.5 samples and represented an average contribution of 12.8 ± 6.7 % to the total 
DON concentration measured in the same particle fraction. DMA could come from 
oceanic emissions or evaporation for wastewater effluents charged to the bay.  
The importance of this result is seen when it is considered that DON in fine particles 
represented the 75 ± 19 % of the total DON found in PM10 samples. Furthermore the 
strong correlations seen for the DON and DIN concentrations in fine particles and also 
with the meteorological conditions suggested that gas-to-particle conversions are likely 
to be responsible for the TDN concentration seen in atmospheric aerosols collected at 
Tampa Bay.  
These findings about DON atmospheric concentrations are of substantial value to 
many researchers focused on the study of its role in ecosystems growth limitations, 
especially in areas with increasing anthropogenic emissions. Due to the possible 
existence of natural background concentrations of species such as DMA, conclusions 
from this research can be extended to similar geographic areas and can be used to 
identify and estimate possible sources when other information is not available.  
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The gas-phase role in the atmospheric deposition of nitrogen became more 
important after the application of a below-cloud scavenging model. According to the 
calculations, gas scavenging of DON is responsible for 99% of the DON wet deposition 
flux. Particle scavenging of DON in PM10 is responsible only for 0.9 % ± 0.2% of the 
DON concentrations in rainwater reason. DMA particle scavenging represented 11.7 ± 
7.1 % of this value. Below-cloud scavenging calculations also confirmed that DIN 
concentrations in gas and particles can explain their concentrations in rainwater. The 
wet deposition of NH4+ is mainly caused by gas scavenging of ammonia, while the NO3- 
wet deposition flux is mainly consequence of particle scavenging.  
The below-cloud model proposed in this research was able to predict rainwater 
sample concentrations closer to the experimental values than other models reported in 
the literature for the same cases. Its distinctive characteristic is the integration of the 
typical gas and particle collection models to the concept of deposition-weighted average 
concentrations. The model implementation offers a new solution to a problem of 
increasing interest to the atmospheric chemistry community, the simulation of wet 
deposition fluxes. 
This research offers information about the composition of the organic compound 
fraction in the atmospheric samples, a variable of increasing interest and not well 
understood by scientists. DON species in particulate matter and rain droplets, as any 
other organic compound, can force changes in the climate by influencing cloud 
condensation nuclei processes; and, if toxic, also can impact human health after 
inhalation into the respiratory tract. 
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According to this, DON gaseous species could be responsible for a dry deposition 
nitrogen flux higher than the estimated values for Tampa Bay. These results highlight 
the need for a method to measure gas-phase organic nitrogen gases. As a 
recommendation to future research it is necessary to test and implement a method to 
measure gaseous DON concentrations. 
During the course of this research, an annular denuder system with a 
methanesulfonic acid methanol-based coating solution was tested. When the UV-
photolysis method was applied to the extracts from exposed denuders, DON 
concentrations became negative due to lower TDN levels compared to initial DIN 
measured concentrations. Even though ammonia concentrations were increased after 
irradiance, as occurred during the organic-breakdown of DON in PM samples or 
standard solutions; the nitrate concentrations in the irradiated samples were under the 
method detection level. Field blanks for this method satisfied the requirements for DON 
concentrations. A second option to measure DON in the gas phase was also tested with 
failed results. Glass bubble tubes or impingers gases filled with DDW or DDW and 
XAD-16® resin were used to promote the absorption of gases pumped from the 
atmosphere. The system configuration and the field blanks failed and gave very high 
DON concentrations that made it impossible to determine the sample DON content.  
Future research should concentrate on the complete chemical composition, particle 
size distribution and gas phase concentrations of DON species. A column filled with C-
18 resin (such as the Ultra-Clean SPE column from Alltech Associates, Inc) could be 
used to adsorb DON gases pumped from the air. A single lab study conducted in this 
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research showed that DMA vapors produced from bubbling air into a concentrated 
solution were adsorbed into the resin. Ion chromatographic analyses confirmed the 
existence of DMA in extracts from the resin elution with DDW. Due to the volatile 
nature of DMA and the possible presence of more short-chain aliphatic amines in the 
air, it is possible that the application of this method could reveal information about a 
large fraction of the DON gaseous species.   
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Appendix A. Anova Results From 22 Factorial Design 
 
Table A-1. Conversion of 80 µM-N Amino Acids to Inorganic Nitrogen After UV 
Photolysis. 
 
Solution 
pH 
Exposure 
Time, hr 
η (%) Average η ± s NH4+ (%) NO2- (%) NO3
- 
(%) 
2 8 87.8 88.3 ± 0.6 100.0 0.0 0.0 
2 8 88.7  100.0 0.0 0.0 
2 8 72.9*  100.0 0.0 0.0 
2 24 96.5 95.3 ± 1.7 99.1 0.0 0.9 
2 24 93.3  99.6 0.0 0.4 
2 24 96.0  99.1 0.0 0.9 
5 8 70.9 69.1 ± 2.9 99.8 0.0 0.2 
5 8 65.7  100.0 0.0 0.0 
5 8 70.6  99.9 0.0 0.1 
5 24 83.9 85.7 ± 2.5 99.1 0.0 0.9 
5 24 88.6  99.3 0.0 0.7 
5 24 84.8  98.8 0.9 0.3 
*Outlier 
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Appendix A: (continued) 
Table A-2. Conversion of 80 µM-N Urea to Inorganic Nitrogen After UV Photolysis. 
Solution 
pH 
Exposure 
Time, hr 
η (%) Average η ± s NH4
+ 
(%) 
NO2- (%) 
NO3- 
(%) 
2 16 72.1 71.5 ± 0.9 57.0 1.8 41.2 
2 16 70.8  61.3 1.6 37.1 
2 24 72.3 70.4 ± 2.6 62.4 1.1 36.5 
2 24 68.5  64.0 1.1 34.5 
6 16 8.2 7.9 ± 1.1 83.6 13.6 2.9 
6 16 7.2  86.5 10.2 3.2 
6 24 9.7 10.3 ± 0.8 89.5 10.5 0.0 
6 24 10.9  86.3 9.1 4.6 
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Appendix A: (continued) 
Table A-3. Conversion of 80 µM-N Methylamine to Inorganic Nitrogen After UV 
Photolysis. 
 
Solution 
pH 
Exposure 
Time, hr 
η (%) Average η ± s NH4+ (%) NO2- (%) NO3- (%) 
2 8 45.3 46.8 ± 1.7 95.6 0.0 4.4 
2 8 46.5  95.7 0.0 4.3 
2 8 48.6  95.7 0.0 4.3 
2 24 85.5 84.4 ± 2.0 95.1 0.0 4.9 
2 24 85.5  95.4 0.0 4.6 
2 24 82.1  95.4 0.0 4.6 
9 8 6.0 5.4 ± 0.5 67.8 4.2 28.0 
9 8 5.2  74.5 3.5 22.1 
9 8 5.0  62.0 7.4 30.6 
9 24 10.6 11.1 ± 1.4 79.6 1.9 18.5 
9 24 12.7  83.0 1.9 15.1 
9 24 10.0  74.5 2.5 23.0 
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Appendix B. Configuration of the R&P Dichotomous Air Sampler 
 
The Rupprecht and Patashnick (R&P) dichotomous Partisol-Plus model 2025 
sequential air sampler collects the particulate matter in two modes: fine (PM2.5) and 
coarse (PMcoarse).  
The dichotomous sampler operates at ~16.7 l min-1 in a split flow configuration 
that allows a 1.7 l min-1 for coarse particles collection and a flow of 15 l min-1 for fine 
particles collection, for a total average volume of sampling air of 21 and 2.3 m-3.  
The dichotomous air sampler has a cyclone inlet to separate the biggest particles of the 
coarse fraction, those with particle size larger than 10 µm. The pre-cleaned stream 
passes through a virtual impactor that divides the particles according to their size and 
concentrates them into the PM2.5 and PM10 fractions; while a pair of flow controllers 
keeps constant the two air flow rates at 15 l min-1 and 1.67 l min-1, respectively.  
The virtual impactor uses the inertia of the particles to separate those larger than 
the cutoff diameter onto the coarse collection filter. The high flow makes the smaller 
particles move radially inside the impactor until they are collected in the filter for the 
fine fraction. The cutoff diameter of the impactor is 2.5 µm, therefore all particles with 
a size equal to 2.5 µm will be separated with 50% efficiency. PMcoarse fraction can 
contain between 5-10% of the particles smaller than the cutoff size in addition to those 
larger than the cutoff size. (Hinds, 1999).  (Figure B-1) 
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Appendix B: (continued) 
 
Figure B-1. Schematic Flow Diagram for the Dichotomous Air Sampler. 
 
Some advantages in the use of dichotomous air samplers are: a 16-filter 
sequential collection feature that allows for unattended operation for up to two weeks 
between site visits, with automatic exchanges of filters according to a user-defined 
sampling schedule, dual-flow configuration to collect simultaneously PM2.5 and PM10 or 
PM2.5 in filters made of different material and a second flow controller for each stream 
to maintain a second flow at the constant volumetric flow rate required for sampling.  
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Appendix B: (continued) 
The selection of this equipment was guided by the fact that the dichotomous air 
sampler design satisfies the requirements for measuring PM2.5 and PM10 of important 
environmental agencies such as USEPA (United States Environmental Protection 
Agency) (Rupprecht and Patashnick Co., 1999).  A recent study done by the 
Hillsborough County Environmental Protection Commission in Tampa, Florida, 
affirmed that they can meet a 10% relative bias and 10% relative precision target for 
ambient air particulate measurements, and reveals the potential for the dichotomous air 
sampler to combine FRM PM2.5 and PM10 measurements in one sampler (Poor et al., 
2000). The main characteristics of the dichotomous air sampler can be seen in figure B-
2. 
 
Figure B-2 . Dichotomous Air Sampler Characteristics 
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Appendix C. Study of Error Propagation for the DON Concentration 
The DON concentration in a sample or DONmeasured is the difference between the 
inorganic nitrogen concentration before UV-photolysis and after UV-photolysis. The 
conversion efficiency (η) was defined as the molar ratio of the final net ammonium, 
nitrite and nitrate nitrogen concentrations (DONmeasured) to the initial organic nitrogen 
concentration of the standards (DONstandard), as shown in Equations 3-1 and  C-1.  
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The propagation of the systematic errors associated with these variables is given by 
equations C-2 and C-3. 
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All molecular weights and conversion factors are considered constant and 
therefore do not represent an error source.  
The DON concentration in the standard solutions is mainly given by systematic 
errors associated with the dilution process. Volumetric instruments, such as flask or 
pipette, were used in the solution preparation. The solute and the final solution mass 
were determined directly by weighting.  
The standard deviation associated with the weight determination is the scale 
precision. The standard deviation associated with the ion concentrations is determined 
using the detection limit (DL). The DL was defined according to the method detection 
level (MDL) definition. The method uses a solution with the matrix of interest prepared 
to be in the range of one to five times the calculated MDL. The solution concentration is 
measured seven times randomly over a period of at least 3 days, and the MDL is 
defined as the standard deviation of the replicates times the t-value from a one-side t-
distribution with six degrees of freedom at a 99% confidence level (American Public 
Health Association (APHA), 1998. Standard Method for the examination of Water and 
Wastewater, 20th ed.). The correspondent values are presented in Table C-1.  
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Table C-4. Standard Deviation Associated With Variables Involved in the DON 
Determination. 
Variable Standard Deviation associated with the variable
Weight (g) 0.0001 g 
Ammonium concentration 0.007 mg L-1 
Nitrite concentration 0.009 mg L-1 
Nitrate concentration 0.007 mg L-1 
 
Using the DL for all ions, the standard deviation associated with the DON 
measured is equal to:  
NM
measuredDON −=⎟⎠
⎞⎜⎝
⎛+⎟⎠
⎞⎜⎝
⎛+⎟⎠
⎞⎜⎝
⎛= µσ 45.0
62
007.0*1000
46
009.0*1000
18
007.0*1000 222  
Equation C-4 
For the determination of the error propagation in the solution preparation it is 
necessary to start from the preparation of the mother solution.  
The molarity of a solution is defined as:  
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( )
solutionsolute
solute
L
mol
VMW
WM =                   Equation C-5 
If the solution volume is determined indirectly through the solution weight and 
all quantities are measured in grams then, the molarity can be written as:  
( ) ( )molNmol
solutionsolute
solutionsolute
L
Nmol x
WMW
WM −− = 1000ρ     Equation C-6 
The solution density can be approximated by the water density at 20oC because 
it is a diluted system. The molecular weight and the water density are considered as 
constants, and therefore the systematic error associated with the solution molarity is 
given by:  
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For a solution of urea 0.1024 g were weighted and water was added until the 
final solution weight was 50.0788 g. The solution molarity is:  
L
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g
L
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g
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g
gM −=−= 06797.02*
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The standard deviation of this variable is:  
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A series of dilutions is done to adjust the solution concentration to the required 
levels. In a dilution, the concentration of a solution 2 changes according to the added 
mass of the solution 1 as given:  
2
1
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S
S
W
W
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The standard deviation of the new concentration is then:  
222
1
22
2
2
1
11 ⎟⎟⎠
⎞
⎜⎜⎝
⎛+⎟⎟⎠
⎞
⎜⎜⎝
⎛+⎟⎟⎠
⎞
⎜⎜⎝
⎛=
S
W
S
WM
WWM
MM SS
σσσσ  
Using the mother solution to prepare a ~1000 µm-N solution, the concentration 
and its error range is:  
L
Nmol
L
Nmol
g
gM −− == 001030.0
5888.51
7820.0*06797.02  
L
Nmol
L
Nmol
L
Nmol
L
Nmol E
g
g
g
gM −−
−− −=⎟⎟⎠
⎞
⎜⎜⎝
⎛+⎟⎟⎠
⎞
⎜⎜⎝
⎛+⎟⎟⎠
⎞
⎜⎜⎝
⎛= 061
5888.51
0001.0
7820.0
0001.0
06797.0
00007.0001030.0
222
2σ  
L
Nmol
L
Nmol E
g
gM −− −== 030997.0
2197.50
8622.4*001030.03  
L
Nmol
L
Nmol
L
Nmol
L
Nmol E
g
g
g
gEEM −−
−− −=⎟⎟⎠
⎞⎜⎜⎝
⎛+⎟⎟⎠
⎞⎜⎜⎝
⎛+⎟⎟⎠
⎞
⎜⎜⎝
⎛ −−= 071
2197.50
0001.0
8622.4
0001.0
001030.0
061030997.0
222
3σ
( ) LNmolLNmolM EM −− ±=−±=± µσ 1.07.9907199733  
L
Nmol
L
Nmol E
g
gEM −− −=−= 0698.9
0170.25
5030.2*030997.04  
Appendix C: (continued) 
 188 
 
L
Nmol
L
Nmol
L
Nmol
L
Nmol E
g
g
g
g
E
EEM −−
−− −=⎟⎟⎠
⎞⎜⎜⎝
⎛+⎟⎟⎠
⎞⎜⎜⎝
⎛+⎟⎟⎠
⎞
⎜⎜⎝
⎛
−
−−= 081
0170.25
0001.0
5030.2
0001.0
030997.0
0710698.9
222
4σ
( ) LNmolLNmolM EM −− ±=−±=± µσ 01.098.908199844  
For a 10 µm-N urea solution the conversion efficiency has an associated error 
of:  
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For a 100 µm-N urea solution the conversion efficiency has an associated error 
of:  
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